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900
”'

902

Estimate and/or measure engine operating conditions

(desired torque, engine speed, load, A/F ratio, etc.)

904

Determine mode of engine operation (2 cyl, 3 cyl, 4 cyl)

based on engine operating conditions

908 y 006
Activa.te all four €S High load?
cylinders
No

91

0 912
Fire in the following order: Yes
1-3-2-4
o 920

At 120°/240° 1 240° / 120° 916

such that cylinder 1 fires

between cylinders 4 and 3 Determine medium Operate with two active
load operation cylinders
9

Fire cylinders 360° apart

27
. . _ 918
Operate with three cylinders,;
(deactivate cylinder 1)
924
Fire each cylinder 240° apart
926
N
Change in load? >
928

Yes 930
— . . Maintal | {}
Transition to different mode (routine 1000) am"? ?;encgtg:jersgzga on
032

Adjust engine parameters (e.g., spark retard,
throttle) to enable smooth transition

FIG. 9 end
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1600
r’
1602
Estimate and/or measure engine operating conditions
(desired torque, engine speed, load, A/F ratio, elc.)
1604
Determine mode of engine operation (3 cyl, 4 cyl) based on
engine operating conditions
1603 1606
Operate all four Yes High load?
cylinders
No
Y
Fire in the following order: es
1-3-2-4
At 120°/ 240° / 240° / 120° No 1614
. 1622
such that cylinder 1 fires
between cylinders 4 and 3 Determine medium Operate in 3 cyl mode with EIVC
load operation 1616 intake duration; 120° CA
1618 Valve lift =3 mm
1624 ‘ Fire each cylinder 240° apart \
Operate in 3 ¢yl mode without EIVC 1620
Intake duration: 240° CA 1626
| Valve lift = 9 mm 1628
| Fire each cylinder 240° apart 1630
1632
. No
Change in load?
Yes 1636 1634
Transition to different mode (routine 1700) Malqtam engine operation
In selected mode
1638

Adjust engine parameters (e.g., spark retard,
throttle) to enable smooth transition

FIG. 16 end
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1

TWIN SCROLL TURBOCHARGER IN A
VARIABLE DISPLACEMENT ENGINE

FIELD

The present disclosure relates to a turbocharger layout for
a variable displacement engine.

BACKGROUND AND SUMMARY

Twin scroll turbocharger configurations may be used in
turbocharged engines. A twin scroll turbocharger configura-
tion may separate an inlet to an exhaust turbine into two
separate passages connected to exhaust manifold runners so
that exhaust from engine cylinders whose exhaust gas pulses
may interfere with each other are separated.

For example, on a typical inline four (I4) engine with a
cylinder firing order of 1-3-4-2, exhaust manifold runners
from cylinder 1 and cylinder 4 may be connected to a first inlet
ol a twin scroll turbine and exhaust manifold runners from
cylinder 2 and cylinder 3 may be connected to a second 1nlet
of said twin scroll turbine, where the second inlet 1s different
from the first inlet. Separating exhaust gas pulses 1n this way
may result 1 increased efliciency of exhaust gas delivery to
the turbine and may increase power output of the turbine.

However, the above configuration may not be applicable to
an engine with a different firing order. As an example, 1gnition
events 1n a four-cylinder engine may be configured to occur in
the following order: 1-3-2-4. In this scenario, coupling
exhaust manifold runners from cylinders 1 and 4 to a first inlet
and coupling exhaust runners from cylinders 2 and 3 to a
second 1nlet of the twin scroll turbine may result in exhaust
pulse interference producing a decrease in volumetric effi-
ciency and affecting turbine spool-up.

The mventors herein have i1dentified the above 1ssue and
devised an approach that partially addresses this 1ssue. In one
approach, a method for the engine comprises directing
exhaust from a first outer cylinder and a first inner cylinder of
four cylinders to a first scroll of a twin scroll turbocharger,
directing exhaust from a second outer cylinder and a second
inner cylinder of the four cylinders to a second scroll of the
twin scroll turbocharger, and during a first condition, operat-
ing all cylinders with at least one uneven firing. An example
engine may comprise four cylinders arranged in an inline
configuration with a firing order of 1-3-2-4, as mentioned
above. Based on cylinder positions within an engine block,
cylinder 1 may be categorized as a first outer cylinder, cylin-
der 4 may be 1dentified as a second outer cylinder, cylinder 2
may be categorized as a first inner cylinder (next to cylinder
1), and cylinder 3 may be 1dentified based on 1ts position in the
engine block as second mnner cylinder (next to cylinder 4). By
separating exhaust from cylinders 1 and 2 from exhaust flow-
ing out of cylinders 3 and 4, exhaust pulse separation may be
maintained between cylinders 1 and 4, and between cylinders
2 and 3.

As another example, a turbocharged variable displacement
engine may include four inline cylinders such that two cylin-
ders are positioned as outer cylinders while remaining two
cylinders are positioned as mner cylinders. The engine may
be configured to operate with a firing sequence of first outer
cylinder-second inner cylinder-second outer cylinder-first
inner cylinder. To enable sufficient exhaust pulse separation,
exhaust runners from the first outer cylinder and the first inner
cylinder may be fluidically coupled to a first scroll of an
exhaust turbine of the turbocharger while exhaust runners
from the second 1nner cylinder and the second outer cylinder
may be flumdically coupled to a second scroll of the exhaust

10

15

20

25

30

35

40

45

50

55

60

65

2

turbine of the turbocharger. The engine be operated with
uneven liring by firing the first outer cylinder midway
between the second 1nner cylinder and the second outer cyl-
inder, and by firing the first inner cylinder, the second 1nner
cylinder, and the second outer cylinder at 240 crank angle
degree mtervals from each other. Thus, the first outer cylinder
may be fired approximately 120 crank angle degrees after the
second outer cylinder has fired, and 120 crank angle degrees
betore the second mner cylinder fires. The engine may also be
operated 1n a variable displacement mode (or reduced cylin-
der mode) by deactivating the first outer cylinder and firing
the remaining three cylinders at 240 crank angle degree inter-
vals.

In this way, a turbocharged engine with a firing order of
1-3-2-4 may be operated with exhaust pulse separation. By
delivering exhaust from cylinder 1 and cylinder 2 to a first
scroll of an exhaust turbine and directing exhaust from cyl-
inder 3 and cylinder 4 to a second scroll of the exhaust turbine,
exhaust pulse interference during an uneven firing mode may
be reduced. Each scroll of the exhaust turbine may receive
exhaust pulses separated by a minimum of 240 crank angle
degrees 1n the full-cylinder mode with uneven firing and the
reduced cylinder even firing mode. Exhaust pulse separation
with a twin scroll turbocharger may enable more efficient
recovery of Kinetic energy from the exhaust gases. Therelore,
the engine may operate with increased power output and
improved fuel efficiency.

It should be understood that the summary above 1s pro-

vided to introduce 1n simplified form a selection of concepts
that are further described 1n the detailed description. It 1s not
meant to i1dentity key or essential features of the claimed
subject matter, the scope of which 1s defined uniquely by the
claims that follow the detailed description. Furthermore, the
claimed subject matter 1s not limited to implementations that
solve any disadvantages noted above or in any part of this
disclosure.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows a schematic diagram of an example cylinder
within an engine.

FIG. 2 portrays a schematic layout of a four-cylinder
engine with a twin scroll turbocharger, according to an
embodiment of the present disclosure.

FIG. 3 1s an illustration of a crankshaft 1n accordance with
the present disclosure.

FIG. 4 depicts an alternate exhaust layout for the embodi-
ment shown in FIG. 2.

FIG. 5 shows a schematic diagram of an engine including,
a crankshaft, a balance shaft, and a camshait, according to an
embodiment of the present disclosure.

FIGS. 6-8 illustrate example spark timing diagrams 1n dif-
ferent engine operation modes.

FIG. 9 depicts an example flowchart for selecting a VDE
mode or non-VDE mode of operation based on engine oper-
ating conditions.

FIG. 10 portrays an example flowchart for transitions
between different engine modes based on engine operating
conditions, according to the present disclosure.

FIG. 11 demonstrates example plots 1llustrating the selec-
tion ol engine operation mode based on engine speed and
engine load.

FIG. 12 shows an example layout of the engine of FIG. 2
with an 1ntegrated exhaust mamifold.

FIG. 13 presents an alternate exhaust layout for the engine

of FIG. 12.
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FIG. 14 shows an embodiment of the engine of FIG. 2 with
a cam profile switching system that allows the engine to

operate substantially in a three-cylinder mode.

FIG. 15 depicts an example valve timing for the embodi-
ment of FIG. 14, according to the present disclosure.

FIG. 16 1s an example flowchart for operating the example
engine of FIG. 14.

FIG. 17 illustrates an example flowchart for transitioning,
between different engine operating modes for the example
engine of FIG. 14.

FIG. 18 depicts example transitions between the two VD.
and the non-VDE modes of engine operation.

(L]

DETAILED DESCRIPTION

The following description relates to operating an engine
system, such as the engine system of FIG. 1. The engine
system may be a four-cylinder engine capable of operation 1n
variable displacement engine (VDE) mode coupled to a twin
scroll turbocharger as shown in FIG. 2. The four-cylinder
engine may include a symmetric exhaust layout as shown 1n
FIG. 2 or may have an asymmetric exhaust layout as shown 1n
FIG. 4. Further, the engine may include a crankshaft, such as
the crankshatt of FIG. 3 that enables engine operation 1n a
three-cylinder or two-cylinder mode, each with even firing, as
shown 1n FIGS. 6 and 8, respectively. The engine may also be
operated 1n a four-cylinder mode with uneven firing, as shown
in FIG. 7. A controller may be configured to select an engine
operating mode based on engine load and may transition
between these modes (FIGS. 9 and 10) based on changes in
torque demand (FIG. 18), engine load and speed (FIG. 11).
Crankshatt rotation 1n the example engine may be balanced
by a single balance shafit, as shown in FIG. 5, rotating in an
opposite direction to that of the crankshait. The engine sys-
tem of FIG. 2 may be modified to include an integrated
exhaust manifold (IEM) with symmetric exhaust layout (FIG.
12) or asymmetric exhaust layout (FIG. 13). An additional
embodiment of the engine (FIG. 14) may include an engine
capable of operating primarily in a three-cylinder VDE mode
with reduced excursions into a four-cylinder mode. Herein,
engine operation in three-cylinder mode may comprise
operation with either a shorter intake duration or a longer
intake duration (FIG. 15). The controller may select the
engine operation mode (FIG. 16) based on engine load and
may transition between the available modes based on changes
in engine load (FIG. 17).

Referring now to FIG. 1, it shows a schematic depiction of
a spark 1gnition internal combustion engine 10. Engine 10
may be controlled at least partially by a control system 1nclud-
ing controller 12 and by input from a vehicle operator 132 via
an mput device 130. In this example, mput device 130
includes an accelerator pedal and a pedal position sensor 134
for generating a proportional pedal position signal PP.

Combustion chamber 30 (also known as, cylinder 30) of
engine 10 may include combustion chamber walls 32 with
piston 36 positioned therein. Piston 36 may be coupled to
crankshait 40 so that reciprocating motion of the piston 1s
translated into rotational motion of the crankshait. Crank-
shaft 40 may be coupled to at least one drive wheel of a
vehicle via an intermediate transmaission system (not shown).
Further, a starter motor may be coupled to crankshait 40 via a

flywheel (not shown) to enable a starting operation of engine
10.

Combustion chamber 30 may receive intake air from intake
manifold 44 via intake passage 42 and may exhaust combus-
tion gases via exhaust manifold 48 and exhaust passage 58.
Intake manifold 44 and exhaust manifold 48 can selectively
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communicate with combustion chamber 30 via respective
intake valve 52 and exhaust valve 54. In some embodiments,
combustion chamber 30 may include two or more intake
valves and/or two or more exhaust valves.

In the example of FIG. 1, intake valve 52 and exhaust valve
54 may be controlled by cam actuation via respective cam
actuation systems 51 and 353. Cam actuation systems 51 and
53 may each include one or more cams mounted on one or
more camshatts (not shown in FIG. 1) and may utilize one or
more ol cam profile switching (CPS), variable cam timing
(VCT), vaniable valve timing (VVT) and/or variable valve lift
(VVL) systems that may be operated by controller 12 to vary
valve operation. The angular position of intake and exhaust
camshalts may be determined by position sensors 35 and 57,
respectively. In alternate embodiments, intake valve 52 and/
or exhaust valve 54 may be controlled by electric valve actua-
tion. For example, cylinder 30 may alternatively include an
intake valve controlled via electric valve actuation and an
exhaust valve controlled via cam actuation including CPS
and/or VCT systems.

Fuel injector 66 1s shown coupled directly to combustion
chamber 30 for injecting fuel directly therein 1in proportion to
the pulse width of signal FPW received from controller 12 via
clectronic driver 99. In this manner, fuel injector 66 provides
what 1s known as direct injection of fuel into combustion
chamber 30. The tuel injector may be mounted 1n the side of
the combustion chamber or in the top of the combustion
chamber, for example. Fuel may be delivered to fuel injector
66 by a fuel system (not shown) including a fuel tank, a fuel
pump, and a fuel rail. In some embodiments, combustion
chamber 30 may alternatively or additionally include a fuel
injector arranged in intake manifold 44 1n a configuration that
provides what 1s known as port injection of fuel 1nto the intake
port upstream ol combustion chamber 30.

Igmition system 88 can provide an 1gnition spark to com-
bustion chamber 30 via spark plug 91 1n response to spark
advance signal SA from controller 12, under select operating
modes. Though spark 1gnition components are shown, in
some embodiments, combustion chamber 30 or one or more
other combustion chambers of engine 10 may be operated 1n
a compression ignition mode, with or without an 1gnition
spark.

Engine 10 may further include a compression device such
as a turbocharger or supercharger including at least a com-
pressor 94 arranged along intake passage 42. For a turbo-
charger, compressor 94 may be at least partially driven by an
exhaust turbine 92 (e.g. via a shaft) arranged along exhaust
passage 58. Compressor 94 draws air from 1ntake passage 42
to supply boost chamber 46. Exhaust gases spin exhaust tur-
bine 92 which 1s coupled to compressor 94 via shaft 96. For a
supercharger, compressor 94 may be at least partially driven
by the engine and/or an electric machine, and may not include
an exhaust turbine. Thus, the amount of compression pro-
vided to one or more cylinders of the engine via a turbo-
charger or supercharger may be varied by controller 12.

A wastegate 69 may be coupled across exhaust turbine 92
in a turbocharger. Specifically, wastegate 69 may be included
in a bypass passage 67 coupled between an inlet and outlet of
the exhaust turbine 92. By adjusting a position of wastegate
69, an amount of boost provided by the exhaust turbine may
be controlled.

Intake mamifold 44 1s shown communicating with throttle
62 having a throttle plate 64. In this particular example, the
position of throttle plate 64 may be varied by controller 12 via
a signal provided to an electric motor or actuator (not shown
in FIG. 1) included waith throttle 62, a configuration that 1s
commonly referred to as electronic throttle control (E'TC).
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Throttle position may be varied by the electric motor via a
shaft. Throttle 62 may control airflow from intake boost
chamber 46 to intake manifold 44 and combustion chamber
30 (and other engine cylinders). The position of throttle plate
64 may be provided to controller 12 by throttle position signal
TP from throttle position sensor 158.

Exhaust gas sensor 126 1s shown coupled to exhaust mani-
fold 48 upstream of emission control device 70. Sensor 126
may be any suitable sensor for providing an indication of
exhaust gas air/fuel ratio such as a linear oxygen sensor or
UEGO (universal or wide-range exhaust gas oxygen), a two-
state oxygen sensor or EGO, a HEGO (heated EGO) a NOx,
HC, or CO sensor. Emission control device 70 1s shown
arranged along exhaust passage 38 downstream of exhaust
gas sensor 126 and exhaust turbine 92. Device 70 may be a
three way catalyst (TWC), NOx trap, various other emission
control devices, or combinations thereof.

An exhaust gas recirculation (EGR) system (not shown)
may be used to route a desired portion of exhaust gas from
exhaust passage 58 to intake manifold 44. Alternatively, a
portion ol combustion gases may be retained in the combus-
tion chambers, as internal EGR, by controlling the timing of
exhaust and intake valves.

Controller 12 1s shown 1n FIG. 1 as a conventional micro-
computer including: microprocessor unit 102, input/output
ports 104, read-only memory 106, random access memory
108, keep alive memory 110, and a conventional data bus.
Controller 12 commands various actuators such as throttle
plate 64, wastegate 69, fuel injector 66, and the like. Control-
ler 12 1s shown recerving various signals from sensors
coupled to engine 10, 1n addition to those signals previously
discussed, including: engine coolant temperature (ECT) from
temperature sensor 112 coupled to cooling sleeve 114; a
position sensor 134 coupled to an accelerator pedal 130 for
sensing accelerator position adjusted by vehicle operator 132;
a measurement of engine manifold pressure (MAP) from
pressure sensor 121 coupled to intake manifold 44; a mea-
surement of boost pressure from pressure sensor 122 coupled
to boost chamber 46; a profile 1ignition pickup signal (PIP)
from Hall effect sensor 118 (or other type) coupled to crank-
shaft 40; a measurement of air mass entering the engine from
mass airtlow sensor 120; and a measurement of throttle posi-
tion from sensor 158. Barometric pressure may also be sensed
(sensor not shown) for processing by controller 12. In a pre-
terred aspect of the present description, crankshaft sensor
118, which may be used as an engine speed sensor, may
produce a predetermined number of equally spaced pulses for
every revolution of the crankshait from which engine speed
(RPM) can be determined. Such pulses may be relayed to
controller 12 as a profile ignition pickup signal (PIP) as men-
tioned above.

As described above, FIG. 1 merely shows one cylinder of a
multi-cylinder engine, and that each cylinder has 1ts own set
ol intake/exhaust valves, fuel injectors, spark plugs, etc. Also,
in the example embodiments described herein, the engine
may be coupled to a starter motor (not shown) for starting the
engine. The starter motor may be powered when the driver
turns a key 1n the 1gnition switch on the steering column, for
example. The starter 1s disengaged after engine start, for
example, by engine 10 reaching a predetermined speed after
a predetermined time.

During operation, each cylinder within engine 10 typically
undergoes a four stroke cycle: the cycle includes the intake
stroke, compression stroke, expansion stroke, and exhaust
stroke. During the intake stroke, generally, the exhaust valve
54 closes and intake valve 52 opens. Air 1s mtroduced into
cylinder 30 via intake manifold 44, and piston 36 moves to the
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bottom of the cylinder so as to increase the volume within
cylinder 30. The position at which piston 36 1s near the bottom
of the cylinder and at the end of 1ts stroke (e.g. when cylinder
30 1s at 1ts largest volume) 1s typically referred to by those of
skill 1n the art as bottom dead center (BDC). During the
compression stroke, intake valve 52 and exhaust valve 54 are
closed. Piston 36 moves toward the cylinder head so as to
compress the air within cylinder 30. The point at which piston
36 1s at the end of its stroke and closest to the cylinder head
(e.g. when cylinder 30 1s at 1ts smallest volume) 1s typically
referred to by those of skill in the art as top dead center (1 DC).
In a process hereinafter referred to as injection, fuel 1s 1ntro-
duced into the combustion chamber. In a process hereinatter
referred to as 1gnition, the injected fuel 1s 1gnited by known
1gnition devices such as spark plug 91, resulting 1n combus-
tion. Additionally or alternatively compression may be used
to 1gnite the air/fuel mixture. During the expansion stroke, the
expanding gases push piston 36 back to BDC. Crankshait 40
converts piston movement into a rotational torque of the
rotary shait. Finally, during the exhaust stroke, the exhaust
valve 54 opens to release the combusted air-fuel mixture to
exhaust manifold 48 and the piston returns to TDC. Note that
the above 1s described merely as an example, and that intake
and exhaust valve opening and/or closing timings may vary,
such as to provide positive or negative valve overlap, late
intake valve closing, early intake valve closing, or various
other examples.

Turning now to FIG. 2, it shows a schematic diagram of
multi-cylinder internal combustion engine, which may be
engine 10 of FIG. 1. The embodiment shown in FIG. 2
includes a variable cam timing (VCT) system 202, a cam
profile switching (CPS) system 204, a turbocharger 290, and
emission control device 70. It will be appreciated that engine
system components introduced in FIG. 1 are numbered simi-
larly and not reintroduced.

Engine 10 may include a plurality of combustion chambers
(1.e., cylinders) 212 which may be capped on the top by
cylinder head 216. In the example shown in FIG. 2, engine 10
includes four combustion chambers: 31, 33, 35, and 37. It will
be appreciated that the cylinders may share a single engine
block (not shown) and a crankcase (not shown).

As described earlier 1n reference to FIG. 1, each combus-
tion chamber may receive intake air from intake manifold 44
via intake passage 42. Intake manifold 44 may be coupled to
the combustion chambers via intake ports. Each intake port
may supply air and/or fuel to the cylinder it 1s coupled to for
combustion. Each intake port can selectively communicate
with the cylinder via one or more intake valves. Cylinders 31,
33, 35, and 37 are shown 1n FIG. 2 with two intake valves
cach. For example, cylinder 31 has two intake valves 11 and
12, cylinder 33 has two intake valves 13 and 14, cylinder 35 has
two 1ntake valves IS and 16, and cylinder 37 has two intake
valves 17 and I8.

The four cylinders 31, 33, 35, and 37 are arranged 1n an
inline-4 configuration where cylinders 31 and 37 are posi-
tioned as outer cylinders, and cylinders 33 and 35 are inner
cylinders. In other words, cylinders 33 and 35 are arranged
adjacent to each other and between cylinders 31 and 37 on the
engine block. Herein, outer cylinders 31 and 37 may be
described as flanking inner cylinders 33 and 35. While engine
10 1s depicted as an inline four engine with four cylinders, it
will be appreciated that other embodiments may include a
different number of cylinders.

Each combustion chamber may exhaust combustion gases
via one or more exhaust valves into exhaust ports coupled
thereto. Cylinders 31, 33, 35, and 37 are shown 1n FI1G. 2 with

two exhaust valves each for exhausting combustion gases. For
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example, cylinder 31 has two exhaust valves E1 and E2,
cylinder 33 has two exhaust valves E3 and E4, cylinder 35 has
two exhaust valves E5 and E6, and cylinder 37 has two
exhaust valves E7 and ES8.

Each cylinder may be coupled to a respective exhaust port
for exhausting combustion gases. In the example of FIG. 2,
exhaust port 20 recerves exhaust gases from cylinder 31 via
exhaust valves E1 and E2. Similarly, exhaust port 22 receives
exhaust gases exiting cylinder 33 via exhaust valves E3 and
E4, exhaust port 24 receives exhaust gases from cylinder 335
via exhaust valves ES and E6, and exhaust port 26 receives
exhaust gases leaving cylinder 37 via exhaust valves E7 and
E8. Therefrom, the exhaust gases are directed via a split
manifold system to exhaust turbine 92 of turbocharger 290. It
will be noted that in the example of FIG. 2, the split exhaust
manifold 1s not integrated within the cylinder head 216.

As shown 1n FIG. 2, exhaust port 20 may be fluidically
coupled with first plenum 23 via runner 39 while exhaust port
22 may fluidically communicate with first plenum 23 via
runner 41. Further, exhaust port 24 may be fluidically coupled
to second plenum 23 via runner 43 while exhaust port 26 may
fluidically communicate with second plenum 25 via runner
45. Thus, cylinders 31 and 33 may exhaust their combustion
gases 1nto first plenum 23 via respective exhaust ports 20 and
22, and via runners 39 and 41 respectively. Runners 39 and 41
may combine at Y-junction 250 into first plenum 23. Cylin-
ders 35 and 37 may expel their exhaust gases via exhaust ports
24 and 26, respectively, into second plenum 25 via respective
runners 43 and 45. Runners 43 and 45 may combine at Y-junc-
tion 270 1nto second plenum 25. Thus, first plenum 23 may
not fluidically communicate with runners 43 and 45 from
cylinders 24 and 26 respectively. Further, second plenum 235
may not flmdically commumnicate with runners 39 and 41 from
cylinders 31 and 33, respectively. Additionally, first plenum
23 and second plenum 235 may not communicate with each
other. In the depicted example, first plenum 23 and second
plenum 25 may not be included 1n the cylinder head 216 and
may be external to cylinder head 216.

Each combustion chamber may recerve fuel from fuel
injectors (not shown) coupled directly to the cylinder, as
direct 1njectors, and/or from injectors coupled to the intake
manifold, as port injectors. Further, air charges within each
cylinder may be 1gnited via spark from respective spark plugs
(not shown). In other embodiments, the combustion cham-
bers of engine 10 may be operated 1n a compression i1gnition
mode, with or without an 1gnition spark.

As described earlier in reference to FIG. 1, engine 10 may
include a turbocharger 290. Turbocharger 290 may include an
exhaust turbine 92 and an 1intake compressor 94 coupled on a
common shatt 96. The blades of exhaust turbine 92 may be
caused to rotate about the common shait 96 as a portion of the
exhaust gas stream discharged from engine 10 impinges upon
the blades of the turbine. Intake compressor 94 may be
coupled to exhaust turbine 92 such that compressor 94 may be
actuated when the blades of exhaust turbine 92 are caused to
rotate. When actuated, compressor 94 may then direct pres-
surized gas through boost chamber 46, and charge air cooler
90 to air intake manifold 44 from where 1t may then be
directed to engine 10. In thus way, turbocharger 290 may be
configured for providing a boosted air charge to the engine
intake.

Intake passage 42 may include an air intake throttle 62
downstream of charge air cooler 90. The position of throttle
62 can be adjusted by control system 15 via a throttle actuator
(not shown) communicatively coupled to controller 12. By
modulating air intake throttle 62, while operating compressor
94, an amount of fresh air may be inducted from the atmo-
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sphere into engine 10, cooled by charge air cooler 90 and
delivered to the engine cylinders at compressor (or boosted)
pressure via intake mamifold 44. To reduce compressor surge,
at least a portion of the air charge compressed by compressor
94 may be recirculated to the compressor inlet. A compressor
recirculation passage 49 may be provided for recirculating
cooled compressed air from downstream of charge air cooler
90 to the compressor inlet. Compressor recirculation valve 27
may be provided for adjusting an amount of cooled recircu-
lation flow recirculated to the compressor nlet.

Turbocharger 290 may be configured as a multi-scroll tur-
bocharger wherein the exhaust turbine 92 includes a plurality
of scrolls. In the depicted embodiment, exhaust turbine 92
includes two scrolls comprising a first scroll 71 and a second
scroll 73. Accordingly, turbocharger 290 may be a twin scroll
(or dual scroll) turbocharger with at least two separate
exhaust gas entry paths flowing into, and through, exhaust
turbine 92. The dual scroll turbocharger 290 may be config-
ured to separate exhaust gas from cylinders whose exhaust
gas pulses interfere with each other when supplied to exhaust
turbine 92. Thus, first scroll 71 and second scroll 73 may be
used to supply separate exhaust streams to exhaust turbine 92.

In the example of FIG. 2, first scroll 71 1s shown receiving,
exhaust from cylinders 31 and 33 via first plenum 23. Second
scroll 73 1s depicted fluidly communicating with second ple-
num 25 and receiving exhaust from cylinders 35 and 37.
Therefore, exhaust may be directed from a first outer cylinder
(cylinder 31) and a first inner cylinder (cylinder 33) to a first
scroll 71 of twin scroll turbocharger 290. Further, exhaust
may be directed from a second outer cylinder (cylinder 37)
and a second 1nner cylinder (cylinder 35) to a second scroll 73
of twin scroll turbocharger 290. The first scroll 71 may not
receive exhaust from second plenum 25 and second scroll 73
may not recerve exhaust pulses from first plenum 23.

Exhaust turbine 92 may include at least one wastegate to
control an amount of boost provided by said exhaust turbine.
As shown 1in FI1G. 2, a common wastegate 69 may be included
in bypass passage 67 coupled between an 1nlet and outlet of
the exhaust turbine 92 to control an amount of exhaust gas
bypassing exhaust turbine 92. Thus, a portion of exhaust
gases tlowing towards first scroll 71 from first plenum 23 may
be diverted via passage 65 past wastegate 69 into bypass
passage 67. Further, a different portion of exhaust gases flow-
ing nto second scroll 73 from second plenum 25 may be
diverted via passage 63 through wastegate 69. Exhaust gases
exiting turbine exhaust 92 and/or wastegate 69 may pass
through emission control device 70 and may exit the vehicle
via a tailpipe (not shown). In alternative dual scroll systems,
cach scroll may include a corresponding wastegate to control
the amount of exhaust gas which passes through exhaust
turbine 92.

Returning now to cylinders 31, 33, 35, and 37, as described
carlier, each cylinder comprises two intake valves and two
exhaust valves. Herein, each intake wvalve 1s actuatable
between an open position allowing intake air into a respective
cylinder and a closed position substantially blocking intake
air from the respective cylinder. FIG. 2 illustrates intake
valves 11-18 being actuated by a common intake camshaft
218. Intake camshaift 218 includes a plurality of intake cams
configured to control the opening and closing of the intake
valves. Each itake valve may be controlled by one or more
intake cams, which will be described further below. In some
embodiments, one or more additional intake cams may be
included to control the intake valves. Further still, intake
actuator systems may enable the control of intake valves.

Each exhaust valve 1s actuatable between an open position
allowing exhaust gas out of a respective cylinder and a closed
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position substantially retaining gas within the respective cyl-
inder. FIG. 2 shows exhaust valves E1-E8 being actuated by a
common exhaust camshait 224. Exhaust camshaft 224
includes a plurality of exhaust cams configured to control the
opening and closing of the exhaust valves. Each exhaust valve
may be controlled by one or more exhaust cams, which will be
described further below. In some embodiments, one or more
additional exhaust cams may be included to control the
exhaust valves. Further, exhaust actuator systems may enable
the control of exhaust valves.

Intake valve actuator systems and exhaust valve actuator
systems may further include push rods, rocker arms, tappets,
etc. Such devices and features may control actuation of the
intake valves and the exhaust valves by converting rotational
motion of the cams 1nto translational motion of the valves. In
other examples, the valves can be actuated via additional cam
lobe profiles on the camshaifts, where the cam lobe profiles
between the different valves may provide varying cam lift
height, cam duration, and/or cam timing. However, alterna-
tive camshatt (overhead and/or pushrod) arrangements could
be used, 1f desired. Further, in some examples, cylinders 212
may each have only one exhaust valve and/or intake valve, or
more than two intake and/or exhaust valves. In still other
examples, exhaust valves and intake valves may be actuated
by a common camshaft. However, 1n alternate embodiments,
at least one of the intake valves and/or exhaust valves may be
actuated by 1ts own independent camshaitt or other device.

Engine 10 may be a variable displacement engine (VDE)
and a subset of the four cylinders 212 may be deactivated, 1f
desired, via one or more mechanisms. Theretore, controller
12 may be configured to deactivate intake and exhaust valves
for selected cylinders when engine 10 1s operating in VDE
mode. Intake and exhaust valves of selected cylinders may be
deactivated 1n the VDE mode via switching tappets, switch-
ing rocker arms, or switching roller finger followers.

In the present example, cylinders 31, 35, and 37 are capable
of deactivation. Each of these cylinders features a first intake
cam and a second intake cam per itake valve arranged on
common intake camshatt 218, and a first exhaust cam and a
second exhaust cam per exhaust valve positioned on common
exhaust camshaft 224.

First intake cams have a first cam lobe profile for opening,

the intake valves for a first intake duration. In the example of
FIG. 2, first intake cams C1 and C2 of cylinder 31, first intake

cams C5, C6 of cylinder 33, first intake cams C9, C10 of
cylinder 35, and first intake cams C13, C14 of cylinder 37

may have a similar first cam lobe profile which opens respec-
tive 1ntake valves for a similar duration and lift. In other
examples, first intake cams for different cylinders may have
different lobe profiles. Second intake cams are depicted as
null cam lobes which may have a profile to maintain their
respective 1mtake valves 1n closed position. Thus, null cam
lobes assist 1n deactivating corresponding valves in the VDE
mode. In the example of FIG. 2, second intake cams N1, N2
of cylinder 31, second intake cams N5, N6 of cylinder 35, and
second intake cams N9, N10 of cylinder 37 are null cam
lobes. These null cam lobes can deactivate corresponding
intake valves in cylinders 31, 35, and 37.

Further, each of the intake valves may be actuated by a
respective actuator system operatively coupled to controller
12. As shown in FIG. 2, intake valves 11 and 12 of cylinder 31
may be actuated via actuator system A2, intake valves 13 and
I4 of cylinder 33 may be actuated via actuator system A4,
intake valves I5 and 16 of cylinder 35 may be actuated via
actuator system A6, and intake valves 17 and I8 of cylinder 37

may be actuated via actuator system AS.
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Similar to the intake valves, each of the deactivatable cyl-
inders (31, 35, and 37) features a first exhaust cam and a
second exhaust cam arranged on common exhaust camshait
224. First exhaust cams may have a first cam lobe profile
providing a first exhaust duration and lift. In the example of
FIG. 2, first exhaust cams C3 and C4 of cylinder 31, first
exhaust cams C7, C8 of cylinder 33, first exhaust cams C11,
C12 of cylinder 35, and first exhaust cams C15, C16 of
cylinder 37 may have a similar first cam lobe profile which
opens respective exhaust valves for a given duration and Iift.
In other examples, first exhaust cams for different cylinders
may have different lobe profiles. Second exhaust cams are
depicted as null cam lobes which may have a profile to main-
tain their respective exhaust valves 1n the closed position.
Thus, null cam lobes assist 1n deactivating exhaust valves 1n
the VDE mode. In the example of FIG. 2, second exhaust
cams N3, N4 of cylinder 31, second exhaust cams N7, N8 of
cylinder 35, and second exhaust cams N11, N12 of cylinder
37 are null cam lobes. These null cam lobes can deactivate
corresponding exhaust valves in cylinders 31, 35, and 37.

Further, each of the exhaust valves may be actuated by a
respective actuator system operatively coupled to controller
12. Therefore, exhaust valves E1 and E2 of cylinder 31 may
be actuated via actuator system Al, exhaust valves E3 and E4
of cylinder 33 may be actuated via actuator system A3,
exhaust valves ES and E6 of cylinder 35 may be actuated via
actuator system AS, and exhaust valves E7 and E8 of cylinder
37 may be actuated via actuator system A7.

Cylinder 33 (or first mnner cylinder) may not be capable of
deactivation and may not include null cam lobes for its intake
and exhaust valves. Consequently, intake valves 13 and 14 of
cylinder 33 may not be deactivatable and are only operated by
first intake cams C5 and C6 respectively. Thus, intake valves
I3 and 14 of cylinder 33 may not be operated by null cam
lobes. Likewise, exhaust valves E3 and E4 may not be deac-
tivatable and are only operated by first exhaust cams C7 and
C8. Further, exhaust valves E3 and E4 may not be operated by
null cam lobes. Therefore, each intake valve and each exhaust
valve of cylinder 33 may be actuated by a single respective
cam.

It will be appreciated that other embodiments may include
different mechanisms known 1n the art for deactivating intake
and exhaust valves in cylinders. Such embodiments may not
utilize null cam lobes for deactivation. For example, hydrau-
lic roller finger follower systems may not use null cam lobes
for cylinder deactivation.

Further, other embodiments may include reduced actuator
systems. For example, a single actuator system may actuate
intake valves I1 and 12 as well as exhaust valves E1 and E2.
This single actuator system would replace actuator systems
Al and A2 providing one actuator system for cylinder 31.
Other combinations of actuator systems are also possible.

CPS system 204 may be configured to translate specific
portions of intake camshait 218 longitudinally, thereby caus-
ing operation of intake valves I1-I8 to vary between respec-
tive first intake cams and second intake cams (where appli-
cable). Further, CPS system 204 may be configured to
translate specific portions of exhaust camshait 224 longitu-
dinally, thereby causing operation of exhaust valves E1-E8 to
vary between respective first exhaust cams and second
exhaust cams. In this way, CPS system 204 may switch
between a first cam for opening a valve for a first duration, and
a second cam, for opening the valve for a second duration. In
the given example, CPS system 204 may switch cams for
intake valves 1n cylinders 31, 35, and 37 between a {irst cam
for opening the intake valves for a first duration, and a second

null cam for maintaiming intake valves closed. Further, CPS
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system 204 may switch cams for exhaust valves 1n cylinders
31, 35, and 37 between a first cam for opening the exhaust
valves for a first duration, and a second null cam for main-
taining exhaust valves closed. In the example of cylinder 33,
CPS system 204 may not switch cams for the intake and
exhaust valves as cylinder 33 is configured with one cam per
valve, and may not be deactivated.

CPS system 204 may recerve signals from controller 12 to
switch between different cam profiles for different cylinders
in engine 10 based on engine operating conditions. For
example, during low engine loads, engine operation may be 1in
a two-cylinder mode. Herein, cylinders 35 and 37 may be
deactivated via the CPS system 204 actuating a switching of
cams from first intake and first exhaust cams to second, null
intake and second, null exhaust cams for each valve. Simul-
taneously, cylinders 31 and 33 may be maintained operative
with their intake and exhaust valves being actuated by their
respective first cams.

In another example, at a medium engine load, engine 10
may be operated 1n a three-cylinder mode. Herein, CPS sys-
tem 204 may be configured to actuate the intake and exhaust
valves of cylinders 33, 35, and 37 with their respective first
intake cams. Concurrently, cylinder 31 may be deactivated by
CPS system 204 via actuating the intake and exhaust valves of
cylinder 31 with respective second, null cams.

Engine 10 may further include VCT system 202. VCT
system 202 may be a twin independent variable camshait
timing system, for changing intake valve timing and exhaust
valve timing independently of each other. VCT system 202
includes intake camshait phaser 230 and exhaust camshafit
phaser 232 for changing valve timing. VCT system 202 may
be configured to advance or retard valve timing by advancing
or retarding cam timing (an example engine operating param-
cter) and may be controlled via controller 12. VCT system
202 may be configured to vary the timing of valve opening
and closing events by varying the relationship between the
crankshaft position and the camshaift position. For example,
VCT system 202 may be configured to rotate intake camshatt
218 and/or exhaust camshait 224 independently of the crank-
shaft to cause the valve timing to be advanced or retarded. In
some embodiments, VCT system 202 may be a cam torque
actuated device configured to rapidly vary the cam timing. In
some embodiments, valve timing such as intake valve closing
(IVC) and exhaust valve closing (EVC) may be varied by a
continuously variable valve lift (CVVL) device.

The valve/cam control devices and systems described
above may be hydraulically powered, or electrically actuated,
or combinations thereof.

Engine 10 may be controlled at least partially by a control
system 15 including controller 12 and by input from a vehicle
operator via an input device (FIG. 1). Control system 15 1s
shown recerving iformation from a plurality of sensors 16
(various examples of which were described in reference to
FIG. 1) and sending control signals to a plurality of actuators
81. As one example, control system 15, and controller 12, can
send control signals to and receive a cam timing and/or cam
selection measurement from CPS system 204 and VCT sys-
tem 202. As another example, actuators 81 may include fuel
injectors, wastegate 69, compressor recirculation valve 27,
and throttle 62. Controller 12 may recerve input data from the
various sensors, process the iput data, and trigger the actua-
tors 1n response to the processed mput data based on mnstruc-
tion or code programmed therein corresponding to one or
more routines. Additional system sensors and actuators will
be elaborated below with reference to FIG. 5.

FI1G. 4 depicts an alternate example embodiment of engine
10 with an asymmetric exhaust layout, unlike the symmetric
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exhaust layout of FIG. 2. Specifically, the asymmetric layout
comprises directing exhaust from cylinder 31 (or the first
outer cylinder) to first scroll 71 of exhaust turbine 92 and
directing exhaust from cylinders 33, 35, and 37 (or the first
inner cylinder, the second iner cylinder, and the second outer
cylinder) to second scroll 73 of exhaust turbine 92. In com-
parison, the embodiment of FIG. 2 depicts a symmetric
exhaust layout wherein first scroll 71 and second scroll 73 of
exhaust turbine 92 each receive exhaust from two cylinders.
The symmetric exhaust layout may provide improved turbine
elficiency relative to the asymmetric exhaust layout.

In the example of FIG. 4, first scroll 71 of exhaust turbine
92 may receive exhaust only from cylinder 31 via exhaust port
20 and runner 39 while second scroll 73 of exhaust turbine 92
may receive exhaust from cylinders 33, 35, and 37 via respec-
tive ports 22, 24, and 26, and respective runners 41, 43, and
45. Further, runners 41, 43, and 45 may converge into plenum
425 before delivering exhaust to exhaust turbine 92. As
depicted 1n FI1G. 4, runners 43 and 435 may join plenum 425 at
Y-junction 470. Further, runner 41 may join plenum 425 at
Y-junction 450. Plenum 425 may direct combusted gases to a
first pipe 461 which delivers exhaust to second scroll 73 of
exhaust turbine 92. During conditions when lower boost 1s
demanded, wastegate 69 may be opened to receive a portion
of exhaust gases from plenum 425 via passage 63. Likewise,
a portion of exhaust may be diverted from runner 39 (and first
scroll 71) through passage 65 and past wastegate 69.

In the example of the asymmetric layout, second scroll 73
may be larger in size than first scroll 71. For example, second
scroll 73 may be designed to recerve a higher quantity of
exhaust gases that may be recerved from three cylinders (33,
35, and 37).

Further details of the symmetric and asymmetric exhaust
layouts of FIGS. 2 and 4 will be elaborated 1n reference to
FIGS. 6, 7, and 8. It will be appreciated that the exhaust
layouts provided may allow a more compact arrangement
within the engine between the turbocharger and the cylinder
head.

As mentioned earlier, engine 10 of FIGS. 1 and 2 may be
operated 1n VDE mode or non-VDE (all cylinders firing)
mode. In order to provide fuel economy benefits along with
reduced noise, vibration and harshness (NVH), example
engine 10 may be primarily operated 1n either an even firing
three-cylinder or an even firing two-cylinder VDE mode. A
first version of a four-cylinder crankshait wherein engine
firing (or cylinder strokes) occurs at 180 crank angle (CA)
degree ntervals may introduce NVH due to uneven firing
when operating 1n a three-cylinder mode. For example, 1n a
four-cylinder engine with the first version of the crankshaft
enabling a firing order of 1-3-4-2 may fire at the following
uneven 1ntervals: 180°-180°-360° when operated in three-
cylinder mode (1-3-4).

In order for engine 10 to operate 1n the three-cylinder mode
with reduced NVH, a crankshait that allows even firing dur-
ing three-cylinder mode operation may be desired. For
example, a crankshait may be designed to fire three cylinders
at 240° intervals while a fourth cylinder 1s deactivated. By
providing a crankshait that allows even firing 1n the three-
cylinder mode, engine 10 may be operated for longer periods
in the three-cylinder mode which can enhance fuel economy
and ease NVH.

Accordingly, an example crankshaft 300 that may be uti-
lized for operating engine 10 1n a two-cylinder or three-
cylinder mode with even firing 1s shown 1n FIG. 3. FIG. 3
illustrates a perspective view of crankshait 300. Crankshaft
300 may be crankshaft 40 shown in FIG. 1. The crankshatft

depicted in FIG. 3 may be utilized 1n an engine, such as engine
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10 of FIGS. 2 and 4, having an inline configuration in which
the cylinders are aligned 1n a single row. A plurality of pistons
36 may be coupled to crankshaft 300, as shown. Further, since
engine 10 1s an inline four-cylinder engine, FIG. 3 depicts
four pistons arranged 1n a single row along a length of the
crankshait 300.

Crankshatt 300 has a crank nose end 330 (also termed front
end) with crank nose 334 for mounting pulleys and/or for
installing a harmonic balancer (not shown) to reduce torsional
vibration. Crankshaft 300 further includes a flange end 310
(also termed rear end) with a tlange 314 configured to attach
to a flywheel (not shown). In this way, energy generated via
combustion may be transferred from the pistons to the crank-
shaft and flywheel, and thereon to a transmission thereby
providing motive power to a vehicle.

Crankshaft 300 may also comprise a plurality of pins,
journals, webs (also termed, cheeks), and counterweights. In
the depicted example, crankshait 300 includes a front main
bearing journal 332 and a rear main bearing journal 316.
Apart from these main bearing journals at the two ends,
crankshaft 300 further includes three main bearing journals
326 positioned between front main bearing journal 332 and
rear main bearing journal 316. Thus, crankshaft 300 has five
main bearing journals wherein each journal 1s aligned with a
central axis of rotation 350. The main bearing journals 316,
332, and 326 support bearings that are configured to enable
rotation of crankshait 300 while providing support to the
crankshait. In alternate embodiments, the crankshait may
have more or less than five main bearing journals.

Crankshatt 300 also includes a first crank pin 348, a second
crank pin 346, a third crank pin 344, and a fourth crank pin
342 (arranged from crank nose end 330 to tflange end 310).
Thus, crankshait 300 has a total of four crank pins. However,
crankshafts having an alternate number of crank pins have
been contemplated. Crank pins 342, 344, 346, and 348 may
cach be mechanically and pivotally coupled to respective
piston connecting rods 312, and thereby, respective pistons
36. It will be appreciated that during engine operation, crank-

shatt 300 rotates around the central axis of rotation 350.
Crank webs 318 may support crank pins 342, 344, 346, and

348. Crank webs 318 may further couple each of the crank
pins to the main bearing journals 316, 332, and 326. Further,
crank webs 318 may be mechanically coupled to counter-
weights 320 to dampen oscillations 1n the crankshait 300. It
may be noted that all crank webs in crankshaft 300 may not be
labeled 1n FIG. 3.

The second crank pin 346 and the first crank pin 348 are
shown at similar positions relative to central axis of rotation
350. To elaborate, pistons coupled to first crank pin 348 and
second crank pin 346 respectively may be at similar positions
in their respective strokes. First crank pin 348 may also be
aligned with second crank pin 346 relative to central axis of
rotation 350. Further, the second crank pin 346, the third
crank pin 344 and the fourth crank pin 342 may be arranged
120 degrees apart from each other around the central axis of
rotation 350. For example, as depicted in FIG. 3 for crank-
shaft 300, third crank pin 344 1s shown swaying towards the
viewer, Tourth crank pin 342 1s moving away from the viewer
(into the paper) while second crank pin 346 and first crank pin
348 are aligned with each other and are in the plane of the
paper.

Inset 360 shows a schematic drawing of crankshait 300
depicting the positions of the four crank pins relative to each
other and relative to central axis of rotation 350. Inset 370
shows a schematic diagram of a side view of crankshait 300 as
viewed from the rear end (or flange end 310) of the crankshatt
looking toward the front end (or crank nose end 330) along the
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central axis of rotation 350. Inset 370 indicates the relative
positions of the crank pins 1n relation to the center axis of
crankshatt 300 and central axis of rotation 350.

As shown 1n mset 360, the fourth crank pin 342, and the
third crank pin 344 are depicted swaying 1n substantially
opposite directions to each other. To elaborate, when viewed
from the end of rear main bearing journal 316 towards front
main bearing journal 332, third crank pin 344 1s angled
towards the right while fourth crank pin 342 1s angled towards
the left, relative to the central axis of rotation 350. This
angular placement of third crank pin 344 relative to fourth
crank pin 342 1s also depicted 1n 1nset 370.

Further, it will be observed that third crank pin 344 and
fourth crank pin 342 may not be arranged directly opposite
from each other. These crank pins may be positioned 120
degrees apart 1n the clockwise direction as measured specifi-
cally from third crank pin 344 towards fourth crank pin 342
and as viewed from the tflange (rear) end 310 with rear main
bearing journal 316 towards crank nose end 330 with front
main bearing journal 332. The fourth crank pin 342 and the
third crank pin 344 are, therefore, angled relative to one
another around the central axis of rotation 350. Sumilarly, the
third crank pin 344 and the second crank pin 346 are angled
relative to one another around the central axis of rotation 350.
Further, first crank pin 348 and second crank pin 346 are
shown aligned and parallel with each other around the central
axis of rotation 350. Additionally, first crank pin 348 and
second crank pin 346 are positioned adjacent to each other. As
shown 1n 1nset 370, the second crank pin 346, the third crank
pin 344 and the fourth crank pin 342 are positioned 120
degrees apart from each other around the center axis of crank-
shaft 300. Further, first crank pin 348 and second crank pin
346 are positioned vertically above the central axis of rotation
350 (e.g., at zero degrees) while third crank pin 344 1s posi-
tioned 120 degrees clockwise from first crank pin 348 and
second crank pin 346. Fourth crank pin 342 1s positioned 120
degrees counterclockwise from first crank pin 348 and second
crank pin 346.

It will be appreciated that even though first crank pin 348 1s
depicted aligned with second crank pin 346, and each of the
two pistons coupled to first crank pin 348 and second crank
pin 346 1s depicted 1 FIG. 3 at a TDC position, the two
respective pistons may be at the end of different strokes. For
example, the piston coupled to first crank pin 348 may be at
the end of a compression stroke while the piston associated
with second crank pin 346 may be at the end of the exhaust
stroke. Thus, the piston coupled to first crank pin 348 may be
360 crank angle degrees (CAD) apart from the piston coupled
to second crank pin 346 when considered with respect to a
720 CAD engine firing cycle.

The crank pin arrangement of FIG. 3 supports an engine
firing order of 3-2-4 1n the three-cylinder mode. Herein, the
firing order 3-2-4 comprises firing a third cylinder with a
piston coupled to third crank pin 344 followed by firing a
second cylinder with a piston coupled to second crank pin
346, and then firing a fourth cylinder with a piston coupled to
fourth crank pin 342. Herein, each combustion event 1s sepa-
rated by an interval of 240° of crank angle.

The crank pin arrangement may also mechanically con-
strain a {iring order o1 1-3-2-4 when all cylinders are activated
in a non-VDE mode. Herein, the finng order 1-3-2-4 may
comprise firing a first cylinder with a piston coupled to the
first crank pin 348 followed by firing the third cylinder with 1ts
piston coupled to the third crank pin 344 next. The second
cylinder with piston coupled to the second crank pin 346 may
be fired after the third cylinder followed by firing the fourth
cylinder with piston coupled to the fourth crank pin 342. In
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the example of engine 10 with crankshait 300, firing events in
the four cylinders with firing order 1-3-2-4 may occur at the
following uneven intervals: 120°-240°-240°-120°. Since {irst
crank pin 348 1s aligned with second crank pin 346, and their
piston strokes occur 360 crank angle degrees apart, firing
events 1n the first cylinder and the second cylinder also occur
at 360° 1ntervals from each other. Engine firing events will be
further described in reference to FIGS. 6, 7, and 8.

Turning now to FIG. §, 1t portrays a schematic 1llustration
of engine 10 including the cylinders, camshaits and crank-
shaft described 1n FIGS. 1-4. As such, components of engine
system 1ntroduced 1in FIGS. 1-4 are numbered similarly 1n
FIG. 5. It will be appreciated that engine 10 1s depicted 1n a
reverse view relative to the view depicted in FIGS. 2 and 4. In
other words, cylinder 31 in FIGS. 2 and 4 1s shown at extreme
left while cylinder 31 in FIG. 5 1s shown at extreme right.
Likewise, cylinders 33, 35, and 37 are reversed.

Crankshatt 300 in engine 10 of FIG. 5 1s driven by recip-
rocating motion of pistons 36 coupled to crankshait 300 via
connecting rods 312. The rotational motion of crankshaitt 300
drives intake camshaft 218 and a single balance shait 574.
Intake camshait 218 may be coupled to crankshatt 300 via a
linkage 564 (e.g., timing chain, belt, etc.) while balance shatt
574 may be coupled to crankshaft 300 via a linkage and gear
system 578. A position of intake camshait 218 may be sensed
by intake camshatt position sensor 572. A similar sensor may
sense the position of exhaust camshait 224 (not shown).

Single balance shaft 574 may be a weighted shatt to offset
vibrations during engine operation. In one example, balance
shaft 574 may have a rocking couple for balancing cylinders
33, 35, and 37 with a single weight added for balancing
cylinder 31. In addition, single balance shaft 574 may rotate
in a direction counter to the rotational direction of crankshatft
300. Further, single balance shait 574 may rotate at the same
speed as crankshait 300. A single balance shait may be sui-
ficient to ofiset vibrations arising from engine 10 since engine
10 may largely operate 1n a three-cylinder or two-cylinder
even firing mode. Further, the engine may experience fewer
transitions between VDE modes and non-VDE modes. By
using a single balance shaft, instead of twin balance shaits
spinning at twice the engine speed, lower irictional losses
may be achieved enabling a reduction in fuel consumption.

Engine 10 of FIG. 5 1s depicted with four cylinders (as in
FIGS. 2 and 4) 31, 33, 35, and 37 arranged 1n a single row. As
described earlier, the four cylinders have two intake valves
and two exhaust valves. Intake camshaft 218 includes two
cams for each intake valve of cylinders 31, 35, and 37: a first
cam to open a respective intake valve for a given duration and
11ft, and a second, null cam to enable deactivation of the intake
valves in these cylinders. As mentioned in reference to FI1G. 2,
cylinder 33 is not capable of deactivation and includes one
intake cam per intake valve. Exhaust camshaft 224 1s not
shown in FIG. §.

FIG. 5 depicts the four crank pins of crankshait 300
coupled to their respective pistons. As shown in the depicted
example, first crank pin 348 1s coupled to a piston in cylinder
31 (or first cylinder), second crank pin 346 1s coupled a piston
in cylinder 33 (or second cylinder), third crank pin 344 is
coupled to a piston in cylinder 35 (or third cylinder), and
fourth crank pin 342 1s coupled to a piston in cylinder 37 (or
tourth cylinder). As elaborated earlier 1n reference to FIG. 3,
first crank pin 348 1s shown aligned with second crank pin
346, but the associated pistons may be 360 crank angle
degrees apart in respect to their engine strokes. Correspond-
ingly, cylinder 31 and cylinder 33 may be 360 crank angle
degrees apart 1n respect to the strokes occurring within these
cylinders. As noted earlier, cylinder 31 may be at the end of 1ts
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compression stroke when cylinder 33 may be at the end of 1ts
exhaust stroke. Thus, 1n the embodiment described herein,
cylinders 31 and 33 may experience engine strokes that are
360 crank angle (CA) degrees apart. Additionally, as
described earlier, second crank pin 346, third crank pin 344,
and fourth crank pin 342 may be positioned approximately
120 degrees apart along the crankshatt. Further, cylinders 33,
35, and 37 may experience engine strokes that are 240 CA
degrees apart.

Operation of engine 10, particularly, the firing order, will
be described now in reference to FIGS. 6-8 which depict
1gnition timing diagrams for the four cylinders of engine 10.
FIG. 6 1llustrates engine firing 1n a two-cylinder VDE mode
for engine 10, FIG. 7 depicts engine firing 1n a three-cylinder
VDE mode for engine 10, and FIG. 8 represents engine firing
in a non-VDE mode for engine 10 wherein all four cylinders
are activated. It will be appreciated that cylinders 1, 2, 3, and
4 1n FIGS. 6-8 correspond to cylinders 31, 33, 35, and 37
respectively, of FIGS. 2, 4, and 5. For each diagram, cylinder
number 1s shown on the y-axis and engine strokes are
depicted on the x-axis. Further, 1ignition, and the correspond-
ing combustion event, within each cylinder 1s represented by
a star symbol between compression and power strokes within
the cylinder. Further, additional diagrams 604, 704, and 804,
portray cylinder firing events 1n each active cylinder in each
mode around a circle representing 720 degrees of crank rota-
tion.

Referring to FIG. 6, an example engine firing diagram 1n
two-cylinder VDE mode for engine 10 1s illustrated. Herein,
cylinders 3 and 4 are deactivated by actuating the intake and
exhaust valves of these cylinders via their respective null
cams. Cylinders 1 and 2 may be fired 360 CA degrees apart in
a firing order of 1-2-1-2. As shown 1n FIG. 6, cylinder 1 may
commence a compression stroke at the same time that cylin-
der 2 begins an exhaust stroke. As such, each engine stroke 1n
cylinders 1 and 2 1s spaced 360 CA degrees apart. For
example, an exhaust stroke in cylinder 2 may occur 360 CA
degrees after an exhaust stroke 1n cylinder 1. Similarly, 1gni-
tion events 1n the engine are spaced 360 CA degrees apart and
accordingly, power strokes in the two active cylinders occur
360 CA degrees apart from each other. The two-cylinder VDE
mode may be utilized during low engine load conditions
when torque demand 1s lower. By operating in the two-cylin-
der mode, fuel economy benefits may also be attained.

Turming now to FIG. 7, 1t portrays an example cylinder
firing diagram for the cylinder firing order in an example
three-cylinder VDE mode for engine 10 wherein three cylin-
ders are activated. In this example, cylinder 1 may be deacti-
vated while cylinders 2, 3, and 4 are activated. Ignition and
combustion events within the engine and between the three
activated cylinders may occur at 240 CA degree intervals
similar to a three-cylinder engine. Herein, firing events may
occur at evenly spaced intervals. Likewise, each engine stroke
within the three cylinders may occur at 240 CA degree inter-
vals. For example, an exhaust stroke 1n cylinder 2 may be
followed by an exhaust stroke 1n cylinder 4 at about 240 CA
degrees after the exhaust stroke 1n cylinder 2. Similarly, the
exhaust stroke i cylinder 4 may followed by an exhaust
stroke 1in cylinder 3 after an interval of 240 CA degrees. Firing
events 1n the engine may occur similarly. An example firing
order for the three-cylinder VDE mode may be 2-4-3-2-4-3.
As 1llustrated at 704, cylinder 3 may be fired approximately
240 CA degrees after cylinder 4 1s fired, cylinder 2 may be
fired approximately 240 CA degrees aiter the finng event 1n
cylinder 3, and cylinder 4 may be fired approximately 240 CA
degrees after the firing event 1n cylinder 2. Thus, a method of
operating an engine may comprise, during a first VDE mode
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in an engine having four cylinders, deactivating a first cylin-
der of the four cylinders and firing a second, third, and fourth
cylinder of the four cylinders, each firing event separated by
240 degrees of crank angle (CA).

It will be appreciated that the even firing intervals of 240
CA degrees 1n the three-cylinder VDE mode may be approxi-
mate. In one example, the firing interval between cylinder 3
and cylinder 2 may be 230 CA degrees. In another example,
the firing interval between cylinder 3 and cylinder 2 may be
255 CA degrees. In yet another example, the firing interval
between cylinder 3 and cylinder 2 may be exactly 240 CA
degrees. Likewise, the firing interval between cylinder 2 and
cylinder 4 may vary in a range between 230 CA degrees and
255 CA degrees. The same variation may apply to firing
intervals between cylinder 4 and cylinder 3. Other variations
may also be possible.

Referring to FIG. 2 (or FIG. 4), 1t may be appreciated that
the firng order of 2-4-3 may enable improved balance and
reduced NVH. For example, cylinder 2 represents cylinder 33
of FIGS. 2 and 4 and 1s positioned as a first inner cylinder,
cylinder 4 represents cylinder 37 of FIGS. 2 and 4 and 1s
positioned as a second outer cylinder, and cylinder 3 repre-
sents cylinder 35 of FIGS. 2 and 4 and 1s positioned as a
second inner cylinder. Based on the positions of activated
cylinders within the engine block, the firing order of 2-4-3
may provide better balance and may reduce noise and vibra-
tions.

Further, the three-cylinder VDE mode may be selected for
engine operation during engine 1dling conditions. Noise and
vibration may be more prominent during engine 1dle condi-
tions and the even firing three-cylinder mode with stable
firlng may be a more suitable option for engine operation
during these conditions.

Turning now to FIG. 8, it portrays an example cylinder
firing diagram for the cylinder firing order in an example
non-VDE mode for engine 10 wherein all four cylinders are
activated. In the non-VDE mode, engine 10 may be fired
unevenly based on the design of crankshaft 300. In one
example, crankshaft 300 shown 1n FIG. 3 may produce the
cylinder firing order shown in FIG. 8. As shown in the
depicted example, cylinder 1 may be fired between cylinders
3 and 4. In one example, cylinder 1 may be fired approxi-
mately 120 crank angle (CA) degrees after cylinder 4 1s fired.
In one example, cylinder 1 may be fired exactly 120 CA
degrees after cylinder 4 1s fired. In another example, cylinder
1 may be fired 115 CA degrees aiter cylinder 4 fires. In yet
another example, cylinder 1 may be fired 125 CA degrees
alter firing cylinder 4. Further, cylinder 1 may be fired
approximately 120 CA degrees before cylinder 3 i1s fired. For
example, cylinder 1 may be fired 1n a range of between 115
and 125 CA degrees before cylinder 3 1s fired. In addition,
cylinders 2, 3, and 4 may continue to have combustion events
240 CA degrees apart with a combustion event 1n cylinder 1
occurring approximately midway between the combustion
events 1n cylinder 4 and cylinder 3. Therefore, engine 10 may
be fired with the following firing order: 1-3-2-4 (or 2-4-1-3 or
3-2-4-1 or 4-1-3-2 since the firing 1s cyclic) at uneven inter-
vals wherein cylinder 1 1s the uneven finng cylinder. As
illustrated at 804, cylinder 3 may be fired approximately 120
degrees of crank rotation after cylinder 1 1s fired, cylinder 2
may be fired approximately 240 degrees of crank rotation
alter finng cylinder 3, cylinder 4 may be fired at approxi-
mately 240 degrees of crank rotation after firing cylinder 2,
and cylinder 1 may be fired again at approximately 120
degrees of crank rotation after firing cylinder 4. In other
examples, the intervals between the firing events in the four
cylinders may vary from the intervals mentioned above.
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Accordingly, during the non-VDE mode 1n the example
four-cylinder engine 10, a method of engine operation may
comprise firing three cylinders with a middle cylinder firing a
first number of crankshait degrees between an earlier cylinder
and a later cylinder, and firing a fourth cylinder between the
later cylinder and the earlier cylinder at double the first num-
ber of crankshait degrees therebetween. To elaborate 1n ref-
erence to FIG. 8, the method includes firing three cylinders,
such as cylinders 4, 1, and 3, wherein the middle cylinder may
be cylinder 1 firing a first number of crankshait degrees, e.g.,
120°, between the earlier cylinder, cylinder 4, and the later
cylinder, cylinder 3. The fourth cylinder in this example,
cylinder 2 may be fired at double the first number of crank-
shaft degrees, e.g., 240°, between the later cylinder, cylinder
3, and the earlier cylinder, cylinder 4. Engine 10 may have a
firing sequence of: 1-3-2-4-1-3-2-4 such that the firing order
may be the earlier cylinder, middle cylinder and later cylinder
(e.g. cylinders 4, 1, and 3 respectively) while the fourth cyl-
inder, cylinder 2, 1s fired away from the three cylinders and
not between the three cylinders 4, 1, and 3. For example, the
fourth cylinder may fire after the later cylinder. Further, the
four cylinders may be mechanically constrained to fire 1n the
order 1identified above. In another example, no other cylinders
may fire at any other timings in between.

Additionally, during a given condition, which may be
medium engine load, the middle cylinder (cylinder 1) may be
deactivated and the earlier cylinder, the later cylinder and the
fourth cylinder may be fired at evenly spaced intervals of
about 240 crankshaft degrees. The firing order herein may be
as follows: the earlier cylinder, the later cylinder, and the
fourth cylinder.

In other words, a four-cylinder engine may include a crank-
shaft configured to fire three of the four cylinders at 240 crank
angle degree 1ntervals and fire the remaining cylinder of the
four cylinders midway between two of the three cylinders
being fired 240 crank angle degrees apart. An example firing
sequence may include firing a first cylinder, firing a second
cylinder at about 120 crank angle degrees aiter firing the first
cylinder, firing a third cylinder at about 240 crank angle
degrees after firing the second cylinder, and firing a fourth
cylinder at about 240 crank angle degrees after firing the third
cylinder, and firing the first cylinder at about 120 crank angle
degrees after firing the fourth cylinder. Thus, the first cylinder
may be fired at about 120 crank angle degrees between the
fourth cylinder and the second cylinder and the third cylinder
may be fired at 240 crank angle degrees (or double of 120
crank angle degrees) between the fourth and second cylin-
ders. The engine may also be operated in a three-cylinder
mode wherein the first cylinder 1s deactivated, and the second,
third and fourth cylinders are fired at about 240 crank angle
degree intervals from each other. Additionally, the engine
may be operated 1n a two-cylinder mode by deactivating two
cylinders and firing the remaining two cylinders 360 crank
angle degrees apart from each other.

Reterring back to FIGS. 2 and 4, the symmetric and asym-
metric exhaust layouts will now be described further. As
claborated earlier, the symmetric exhaust layout of FIG. 2
depicts first scroll 71 of exhaust turbine 92 recerving exhaust
from cylinders 31 and 33, while second scroll 73 of exhaust
turbine 92 recetves exhaust from cylinders 35 and 37. An
alternate embodiment may feature an asymmetric exhaust
layout, such as that shown in FIG. 4, wherein cylinder 31
exhausts directly to first scroll 71 while cylinders 33, 35, and
37 expel their combustion gases to second scroll 73. By
exhausting directly, cylinder 31 may only exhaust its com-
bustion products to first scroll 71 and not to second scroll 73.
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In a first version four-cylinder engine including a divided
exhaust manifold featuring a twin scroll turbocharger,
exhaust runners from cylinders 1 and 4 (first and second outer
cylinders or cylinders 31 and 37) may combine to deliver their
exhaust to a first scroll of the exhaust turbine while cylinders
2 and 3 (first and second inner cylinders or cylinders 33 and
35) may deliver their exhaust to a second scroll of the exhaust
turbine. This exhaust layout may be suitable for a four cylin-
der engine with a firing sequence of 1-3-4-2 so that an exhaust
gas pressure pulse from cylinder 1 may not interfere with the
ability of cylinder 2 to expel 1ts exhaust gases.

However, 1n a second version, such as the example embodi-
ment of four-cylinder engine 10 shown 1n FIGS. 2, 4, S which
has a firing sequence of 1-3-2-4 (e.g., cylinder 31 followed by
cylinder 35 followed by cylinder 33 followed by cylinder 37),
the exhaust layout described for the first version may not be
suitable and may degrade turbine efliciency. For example, 11
the example engine 10 shown 1n FIGS. 2, 4, and 5 has an
exhaust layout such as that of the first version, an exhaust gas
pressure pulse from cylinder 31 (first outer cylinder) may
interfere with the ability of cylinder 37 (second outer cylin-
der) to expel 1ts exhaust gases. As will be observed in FIG. 8,
cylinder 31 (or cylinder 1) may be ending 1ts expansion stroke
and opening 1ts exhaust valves while cylinder 37 (or cylinder
4) still has its exhaust valves open. Therefore, 1n order to
separate exhaust pulses and increase pulse energy driving the
turbine, the second version may include exhaust runners from
cylinders 1 and 2 (or cylinders 31 and 33) merging into first
plenum 23, and exhaust runners from cylinders 3 and 4 (or
cylinders 35 and 37, respectively) combining into second
plenum 25.

It will be appreciated that 1in the symmetric layout, first
scroll 71 receives exhaust pulses from cylinders 31 and 33
that are separated by at least 360 CA degrees while second
scroll 73 receives exhaust pulses from cylinders 35 and 37
that are at least 240 CA degrees apart. In this way, each scroll
may receive an exhaust pulse that is separated from the next
pulse by at least 240 CA degrees.

Theretfore, a method for operating engine 10 1n a non-VDE
mode may comprise directing exhaust from a first outer cyl-
inder (cylinder 31) and a first inner cylinder (cylinder 33) of
four cylinders to a first scroll 71 of a twin scroll turbocharger
290, directing exhaust from a second outer cylinder (cylinder
37) and a second mnner cvlinder (cylinder 35) of the four
cylinders to a second scroll 73 of the twin scroll turbocharger
290, and firing all cylinders 1n an uneven mode, e.g., with at
least one uneven firing. The method may include finng all
cylinders in an uneven mode as follows: firing the second
inner cylinder at 120 degrees of crank rotation after the first
outer cylinder 1s fired, firing the first inner cylinder 240 crank
angle degrees after firing the second 1nner cylinder, firing the
second outer cylinder 240 crank angle degrees atter firing the
first mner cylinder, and firing the first outer cylinder 120
crank angle degrees after firing the second outer cylinder.
Thus, firing events 1n the first outer cylinder and the first inner
cylinder may be separated by at least 360 crank angle degrees
while firing events 1n the second outer cylinder and the second
inner cylinder may be separated by at least 240 crank angle
degrees.

A first VDE mode may include operating engine 10 in a
three-cylinder mode. A method for operating engine 10 in
three-cylinder mode may comprise deactivating the first outer
cylinder (cylinder 31) and directing exhaust only from {first
inner cylinder (cylinder 33) to the first scroll 71 of the twin
scroll turbocharger. The second scroll 73 may continue to
receive exhaust from second outer and second inner cylin-
ders. The first VDE mode may be used during a first condition
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that may include engine 1dling conditions (for reduced NVH).
The first VDE mode may also be utilized during medium
engine load conditions.

A second VDE mode may include operating engine 10 1n a
two-cylinder mode. A method for operating engine 10 in
two-cylinder mode may comprise deactivating the second
outer cylinder (cylinder 37) and the second inner cylinder
(cylinder 33). Thus, the engine may be operated by activating
the first outer cylinder (cylinder 31) and first inner cylinder
(cylinder 33). The second VDE mode may be used during low
engine load conditions.

In the example of the asymmetric exhaust layout, as shown
in FIG. 4, first scroll 71 of exhaust turbine 92 may receive
exhaust gases approximately every 720 CA degrees while
second scroll 73 of exhaust turbine 92 may receive exhaust

pulses approximately every 240 CA degrees. In this layout as
well, each scroll may receive an exhaust pulse that 1s sepa-
rated from the next pulse by at least 240 CA degrees. In the
three-cylinder mode, first scroll 71 may not receive exhaust
pulses as cylinder 31 may be deactivated. However, second
scroll 73 may continue to recerve expelled exhaust from the
three activated cylinders (cylinders 33, 35, and 37).

In the two-cylinder mode, cylinders 35 and 37 may be
deactivated. Herein, first scroll 71 may receive exhaust pulses
from cylinder 31 approximately every 720 CA degrees while
second scroll 73 may receive exhaust pulses from cylinder 33
approximately every 720 CA degrees. Accordingly, exhaust

turbine 92 may receive exhaust pulses approximately every
360 CA degrees.

Scroll 73 1s depicted 1n FIGS. 2, 4, 12, 13, and 14 of the
present disclosure as an inboard scroll that 1s located closer to
a center housing of the turbocharger 290. Further, scroll 71 1n
the above figures 1s 1llustrated farther from the center housing
of turbocharger 290. It will be appreciated that in other
examples, the positions of scrolls 73 and 71 may be swapped
without departing from the scope of the present disclosure.

Therefore, a method of operating an engine in non-VDE
mode with an asymmetric exhaust layout may comprise flow-
ing exhaust from a first outer cylinder (cylinder 31) of four
cylinders to a first scroll 71 of a twin scroll turbocharger 290,
flowing exhaust from a first inner cylinder (cylinder 33), a
second outer cylinder (cylinder 37) and a second 1nner cylin-
der (cylinder 35) of the four cylinders to a second scroll 73 of
the twin scroll turbocharger 290, and during a first condition,
operating all cylinders with at least one uneven firing. The
first condition may 1nclude high engine load conditions. The
uneven liring may include a similar firing interval to that
described above for a symmetric exhaust layout wherein each
of the first inner cylinder, the second outer cylinder and the
second iner cylinder may be fired at 240 crank angle degree
intervals and the first outer cylinder may be fired approxi-
mately midway between the firing of the second outer cylin-
der and the second inner cylinder. Further, the first outer
cylinder may be fired at approximately 120 crank angle
degrees after firing the second outer cylinder and approxi-
mately 120 crank angle degrees before firing the second inner
cylinder. Herein, the first outer cylinder may be the one cyl-
inder with uneven firing.

During a second condition, the engine may be operated 1n
three-cylinder mode by deactivating the first outer cylinder
and firing the remaining three cylinders at even intervals. For
example, the remaining three cylinders may be operated with
even firing with respect to each other. Herein, the first inner
cylinder, the second outer cylinder, and the second inner
cylinder may be fired at 240 crank angle degree intervals
between each cylinder. The second condition for using three-
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cylinder mode may be under medium engine load conditions.
In another example, the three-cylinder mode may be used
during 1dling conditions.

During a third condition, the engine may be operated 1n a
two-cylinder mode by deactivating the second outer and sec-
ond mner cylinders. Herein, the remaining cylinders, first
outer cylinder and first inner cylinder, may be fired at even
intervals of 360 crank angle degrees. The third condition for
using the two-cylinder VDE mode may be during low engine
load conditions.

It will be appreciated that the two-cylinder VDE mode,
three-cylinder VDE mode and non-VDE modes may also be
used 1n a naturally aspirated engine. In this example, a turbo-
charger may not be used.

Turning now to FI1G. 9, 1t shows an example routine 900 for
determining a mode of engine operation 1n a vehicle based on
engine load. Specifically, a two-cylinder VDE mode, a three-
cylinder VDE mode, or anon-VDE mode of operation may be
selected based on engine loads. Further, transitions between
these modes of operation may be determined based on
changes in engine loads. Routine 900 may be controlled by a
controller such as controller 12 of engine 10.

At 902, the routine includes estimating and/or measuring
engine operating conditions. These conditions may include,
for example, engine speed, engine load, desired torque (for
example, from a pedal-position sensor), manifold pressure
(MAP), mass air flow (MAF), boost pressure, engine tem-
perature, spark timing, intake manifold temperature, knock
limats, etc. At 904, the routine includes determining a mode of
engine operation based on the estimated engine operating
conditions. For example, engine load may be a significant
factor to determine engine mode of operation which includes
two-cylinder VDE mode, three-cylinder VDE mode or non-
VDE mode (also termed full-cylinder mode). In another
example, desired torque may also determine engine operating
mode. A higher demand for torque may 1nclude operating the
engine 1n non-VDE or four-cylinder mode. A lower demand
for torque may enable a transition of engine operation to a
VDE mode. As will be elaborated later in reference to FIG.
11, 1n particular Map 1140, a combination of engine speed
and engine load conditions may determine engine mode of
operation.

At 906, therefore, routine 900 may determine 11 high (or
very high) engine load conditions exist. For example, the
engine may be experiencing higher loads as the vehicle
ascends a steep incline. In another example, an air-condition-
ing system may be activated thereby increasing load on the
engine. I1 1t 1s determined that high engine load conditions
exi1st, routine 900 continues to 908 to activate all cylinders and
operate in the non-VDE mode. In the example of engine 10 of
FIGS. 2, 4, and 5, all four cylinders may be operated during
the non-VDE mode. As such, a non-VDE mode may be
selected during very high engine loads and/or very high
engine speeds.

Further, at 910, the four cylinders may be fired in the
tollowing sequence: 1-3-2-4 with cylinders 2, 3, and 4 firing
about 240 CA degrees apart, and cylinder 1 firing about
haltway between cylinder 4 and cylinder 3. As described
carlier, when all cylinders are activated, a first cylinder (cyl-
inder 3) may be fired at 120 degrees of crank rotation after
cylinder 1, a second cylinder (cylinder 2) may be fired at 240
degrees of crank rotation after firing the first cylinder, a third
cylinder (cylinder 4) may be fired at 240 degrees of crank
rotation after firing the second cylinder, and a fourth cylinder
(cylinder 1) may be fired at 120 degrees of crank rotation after
firing the third cylinder. Routine 900 may then proceed to

926.

10

15

20

25

30

35

40

45

50

55

60

65

22

IT at 906, 1t 1s determined that high engine load conditions
do not exist, routine 900 progresses to 912 where 1t may
determine 1f low engine load conditions are present. For
example, the engine may be operating at a light load when
cruising on a highway. In another example, lower engine
loads may occur when the vehicle 1s descending an incline. If
low engine load conditions are determined at 912, routine 900
continues to 916 to operate the engine 1n a two-cylinder VDE
mode. Additionally, at 918, the two activated cylinders (cyl-
inders 1 and 2) may be fired at 360 crank angle degree inter-
vals. Routine 900 may then proceed to 926.

If 1t 1s determined that low engine load conditions are not
present, routine 900 progresses to 920 where 1t may deter-
mine medium engine load operation. Next, at 922, the engine
may be operated 1n a three-cylinder VDE mode wherein cyl-
inder 1 may be deactivated and cylinders 2, 3, and 4 may be
activated. Further, at 924, the three activated cylinders may be
fired 240 crank angle degrees apart such that the engine
experiences combustion events at 240 crank angle degree
intervals.

Once an engine operating mode 1s selected and engine
operation 1n selected mode 1s commenced (e.g., at one 01 910,
916 or 924), routine 900 may determine at 926 if a change 1n
engine load 1s occurring. For example, the vehicle may com-
plete ascending the incline to reach a more level road thereby
reducing the existing high engine load to a moderate load (or
low load). In another example, the air-conditioning system
may be deactivated. In yet another example, the vehicle may
accelerate on the highway to pass other vehicles so that
engine load may increase from a light load to a moderate or
high load. IT 1t 1s determined at 926 that a change 1n load 1s not
occurring, routine 900 continues to 928 to maintain engine
operation in the selected mode. Else, engine operation may be
transitioned at 930 to a different mode based on the change in
engine load. Mode transitions will be described 1n detail 1n
reference to FIG. 10 which shows an example routine 1000
for transitioning from an existing engine operation mode to a
different operation mode based on determined engine loads.

At 932, various engine parameters may be adjusted to
enable a smooth transition and reduce torque disturbance
during transitions. For example, 1t may be desired to maintain
a driver-demanded torque at a constant level before, during,
and after the transition between VDE operating modes. As
such, when cylinders are reactivated, the desired air charge
and thus the manifold pressure (IMAP) for the reactivated
cylinders may decrease (since a larger number of cylinders
will now be operating) to maintain constant engine torque
output. To attain the desired lower air charge, the throttle
opening may be gradually reduced during the preparing for
transition. At the time of the actual transition, that is, at the
time ol cylinder reactivation, the throttle opening may be
substantially reduced to attain the desired airflow. This allows
the air charge to be reduced during the transition without
causing a sudden drop 1n engine torque, while allowing the air
charge and MAP levels to be immediately reduced to the
desired level at the onset of cylinder reactivation. Addition-
ally or alternatively, spark timing may be retarded to maintain
a constant torque on all the cylinders, thereby reducing cyl-
inder torque disturbances. When sufficient MAP 1s reestab-
lished, spark timing may be restored and throttle position may
be readjusted. In addition to throttle and spark timing adjust-
ments, valve timing may also be adjusted to compensate for
torque disturbances. Routine 900 may end after 932.

It should be noted that when the relative speed (or loads or
other such parameters) 1s indicated as being high or low, the
indication refers to the relative speed compared to the range
of available speeds (or loads or other such parameters, respec-
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tively). Thus, low engine loads or speeds may be lower rela-
tive to medium and higher engine loads and speeds, respec-
tively. High engine loads and speeds may be higher relative to
medium (or moderate) and lower engine loads and speeds
respectively. Medium or moderate engine loads and speeds
may be lower relative to high or very high engine loads and
speeds, respectively. Further, medium or moderate engine
loads and speeds may be greater relative to low engine loads
and speeds, respectively.

Turning now to FIG. 11, 1t shows example maps 1120,
1140, and 1160 featuring engine load-engine speed plots.
Specifically, the maps indicate different engine operation
modes that are available at different combinations of engine
speeds and engine loads. Each of the maps shows engine
speed plotted along the x-axis and engine load plotted along
the y-axis. Line 1122 represents a highest load that a given
engine can operate under at a given speed. Zone 1124 indi-
cates a four-cylinder non-VDE mode for a four-cylinder
engine, such as engine 10 described earlier. Zone 1148 1ndi-
cates a three-cylinder VDE mode with standard intake dura-
tions and zone 1126 indicates a two-cylinder VDE mode for
the four-cylinder engine.

Map 1120 depicts an example of a first version of a four-
cylinder engine, wherein the lone available VDE mode 1s a
two-cylinder mode VDE option (unlike the embodiments in
the present disclosure). The two-cylinder mode (zone 1126)
may be primarily used during low engine loads and moderate
engine speeds. At all other engine speed-engine load combi-
nations, a non-VDE mode may be used (zone 1124). As will
be observed 1n map 1120, zone 1126 occupies a smaller
portion of the area under line 1122 relative to the area repre-
senting a non-VDE mode (zone 1124). Therefore, an engine
operating with two available modes (VDE and non-VDE)
may provide relatively minor improvements in fuel economy
over an engine without variable displacement. Further, since
the transition between the two modes mvolves activation or
deactivation of two out of four cylinders, more intrusive con-
trols (e.g., larger changes to spark timing along with adjust-
ments to throttle and valve timings) may be needed to com-
pensate for torque disturbances during these transitions. As
mentioned earlier, the first version of the four cylinder engine
may not provide an option ol operating in three-cylinder
mode due to increased NVH 1ssues.

Map 1140 depicts an example of engine operation for one
embodiment of the present disclosure, e.g. engine 10 of FIGS.
2, 4, and 5. Herein, the engine may operate 1n one of two
available VDE modes increasing fuel economy benefits over
the first version option described in reference to Map 1120.
The engine may operate 1n two-cylinder VDE mode, as in the
example of Map 1120, during low engine loads at moderate
engine speeds. Further, the engine may operate 1n three-cyl-
inder VDE mode during low load-low speed conditions, dur-
ing moderate load-moderate speed conditions, and during
moderate load-high speed conditions. At very high speed
conditions at all loads and at very high load conditions at all
engine speeds, a non-VDE mode of operation may be uti-
lized.

It will be appreciated from Map 1140 that the example
engine ol FIGS. 2, 4, and 5 may operate substantially 1n a
three-cylinder or a two-cylinder mode. A non-VDE mode
may be selected only during the high load and very high
engine speed conditions. Therefore, a relatively higher
improved fuel economy may be achueved. As described ear-
lier, the engine may be operated 1n three-cylinder and two-
cylinder modes with even fining allowing reduced NVH
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1ssues. When operating in non-VDE mode, an uneven firing
pattern may be utilized which may produce a distinct exhaust
note.

It will be further appreciated that in the embodiment of
engine 10 of FIGS. 2,4, and 5, alarger proportion of operating
mode transitions may include transitions from two-cylinder
VDE mode to three-cylinder VDE mode or transitions from
three-cylinder VDE mode to non-VDE mode. Further, fewer
transitions involving a transition from four-cylinder non-
VDE mode to two-cylinder VDE mode (and vice versa) may
occur. Consequently, a smoother and easier transition 1in
engine control may be enabled 1n the example embodiment of
engine 10 described in reference to FIGS. 2, 4, and 5. Overall,
drivability may be enhanced due to reduced NVH and
smoother engine control.

An alternate engine operation for the example engine (e.g.
engine 10 of FIGS. 2, 4, and 5) 1s illustrated in Map 1160.
Herein, the option of the two-cylinder VDE mode 1s unavail-
able and the engine may largely operate 1n an even firing
three-cylinder VDE mode. For example, the three-cylinder
VDE mode may be operational during low load conditions at
low, moderate, and high speeds, and during moderate load
conditions at low, moderate, and high speeds. A transition to
non-VDE mode may be made only under conditions includ-
ing very high engine speeds, high loads, or very high engine
loads. In the example shown in Map 1160, transitions
between non-VDE and VDE modes may be significantly
reduced, easing NVH and enabling smoother engine control.
Further, in the example of engine 10, solely one cylinder may
include a deactivation mechanism providing a decrease 1n
costs. The fuel economy benefits may be relatively dimin-
ished 1n comparison to the engine operation example of Map
1140.

Map 1180 of FIG. 11 depicts an engine operation example
for an alternate engine embodiment which will be described
further 1n reference to FIGS. 14, 15, and 16.

Turming now to FIG. 10, routine 1000 for determining
transitions in engine operating modes based on engine load
and engine speed conditions 1s described. Specifically, the
engine may be transitioned from a non-VDE mode to one of
two VDE modes and vice versa, and may also be transitioned
between the two VDE modes.

At 1002, the current operating mode may be determined.
For example, the four-cylinder engine may be operating in a
non-VDE full cylinder mode, a three-cylinder VDE mode, or
a two-cylinder VDE mode. At 1004, it may be determined 1f
the engine 1s operating in the four-cylinder mode. If not,
routine 1000 may move to 1006 to determine if the current
mode of engine operation 1s the three-cylinder VDE mode. IT
not, routine 1000 may determine at 1008 11 the engine 1s
operating in the two-cylinder VDE mode. I not, routine 1000
returns to 1004.

At 1004, 11 1t 1s confirmed that a non-VDE mode of engine
operation 1s present, routine 1000 may continue to 1010 to
confirm 1f engine load and/or engine speed have decreased. If
the existing engine operating mode 1s a non-VDE mode with
all four cylinders activated, the engine may be experiencing
high or very high engine loads. In another example, a non-
VDE mode of engine operation may be 1n response to very
high engine speeds. Thus, 1f the engine 1s experiencing high
engine loads to operate 1mn a non-VDE mode, a change 1n
operating mode may occur with a decrease inload. A decrease
in engine speed may also enable a transition to a VDE mode.
An increase in engine load or speed may not change operating
mode.

If 1t 1s confirmed that a decrease 1n load and/or speed has
not occurred, at 1012, the existing engine operating mode
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may be maintained and routine 1000 ends. However, 1t 1t 1s
determined that a decrease 1n engine load and/or speed has
occurred, routine 1000 progresses to 1014 to determine 11 the
decrease 1n engine load and/or speed makes 1t suitable to
operate 1n three-cylinder mode. As described earlier 1n refer-
ence to Map 1140 of FIG. 11, a transition to moderate load-
moderate speed conditions, and to moderate load-high speed
conditions may enable engine operation in three-cylinder
VDE mode. It will be appreciated that a transition to three-
cylinder VDE mode may also occur during low speed-low
load conditions, as shown 1n Map 1140 of FIG. 11. Accord-
ingly, 1f 1t 1s confirmed that existing load and/or speed con-
ditions enable a transition to three-cylinder mode, at 1016, a
transition to three-cylinder VDE mode may occur. Further,
cylinder 1 of the four cylinders may be deactivated while
maintaining the remaining three cylinders activated. Further
still, the remaining three cylinders may continue to be fired
about 240 CA degrees apart from each other. Routine 1000
may then end.

If at 1014 1t 1s determined that the decrease 1n engine load
and/or engine speed 1s not suitable for operating in three-
cylinder mode, routine 1000 continues to 1018 to confirm that
the decrease in engine load and/or engine speed enables
engine operation in two-cylinder mode. As depicted 1n Map
1140 of FIG. 11, low engine loads with moderate engine
speeds may enable a two-cylinder VDE mode. If the engine
load and/or engine speed are not suited for the two-cylinder
mode, routine 1000 returns to 1010. Else, at 1020 a transition
to two-cylinder VDE mode from non-VDE mode may be
completed by deactivating cylinders 3 and 4, while maintain-
ing cylinders 1 and 2 1n an activated condition. Cylinders 1
and 2 may be fired at 360 CA degree intervals therebetween.
Routine 1000 may then end.

Returming to 1006, 11 1t 1s confirmed that the current engine
operating mode 1s the three-cylinder VDE mode, routine 1000
continues to 1022 to determine 1f engine load has increased or
if the engine speed 1s very high. As shown in map 1140, if the
engine speed 1s very high, the engine may be operated 1n
tull-cylinder mode. If the existing operating mode 1s the
three-cylinder mode, the engine may have previously experi-
enced moderate load-moderate speed conditions, or moderate
load-high speed conditions. Alternatively, the engine may be
at low load-low speed conditions. Therefore, a transition from
the existing mode may occur with an increase in engine load
or a significant increase in engine speed. If an increase 1n
engine load and/or very high engine speed 1s confirmed at
1022, routine 1000 progresses to 1024 to transition to a non-
VDE mode. Theretfore, cylinder 1 may be activated to operate
the engine in four-cylinder mode with uneven firing.

If an 1increase 1in engine load and/or very high engine speed
1s not determined at 1022, routine 1000 may confirm at 1026
if a decrease 1n engine load or a change 1n engine speed has
occurred. As explained earlier, if the engine had previously
been operating at moderate load-moderate speed conditions,
a decrease 1n load may enable a transition to two-cylinder
VDE mode. In another example, a transition to two-cylinder
VDE mode may also be imitiated 11 an existing low load-low
speed condition changes to a low load-moderate speed con-
dition. In yet another example, a transition from a low load-
high speed condition to a low load-moderate speed condition
may also enable engine operation in two-cylinder VDE mode.
If the change 1n speed and/or decrease 1n load 1s not deter-
mined, routine 1000 progresses to 1012 where the existing,
engine operating mode may be maintained. However, 11 a
decrease 1n engine load or a change 1n engine speed 1s con-
firmed, routine 1000 continues to 1027 to determine 1 the
changes 1n speed and/or the decrease in load are suitable for
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engine operation 1n two-cylinder mode. For example, the
controller may determine if the existing speed and/or load fall
within zone 1126 of Map 1140. I yes, engine operation may
be transitioned to two-cylinder VDE mode at 1028. Herein,
cylinders 3 and 4 may be deactivated and cylinder 1 may be
activated while cylinder 2 1s maintained 1n an active mode. If
the decrease 1n engine load and/or change in engine speed do
not enable operation 1n two-cylinder mode, routine 1000 con-
tinues to 1012 where the existing engine operating mode may
be maintained.

Returning to 1008, 11 1t 1s confirmed that the current engine
operating mode 1s the two-cylinder VDE mode, routine 1000
continues to 1030 to determine 1f engine load has increased or
if engine speed has changed. It the existing operating mode 1s
the two-cylinder mode, the engine may have previously expe-
rienced low to moderate engine loads at moderate engine
speeds. Therefore, a transition from the existing mode may
occur with an 1increase 1 engine load. A decrease in load may
not change the engine operating mode. Further, a change from
the existing mode may also occur 1f engine speed decreases to
low speed or increases to high (or very high) speed. If an
increase in engine load and/or a change 1n engine speed 1s not
confirmed at 1030, routine 1000 progresses to 1032 to main-
tain the existing two-cylinder VDE mode.

If an increase 1 engine load and/or a change 1n engine
speed 1s confirmed at 1030, routine 1000 may continue to
1034 to determine 1f the engine load and/or engine speed
enable a transition to three-cylinder VDE mode. For example,
engine load may be at moderate levels to enable transition to
three-cylinder VDE mode. If yes, engine operation may be
transitioned to three-cylinder VDE mode at 1036. Further,
cylinders 3 and 4 may be activated and cylinder 1 may be
deactivated while cylinder 2 1s maintained in an active mode.
If the engine load and/or engine speed are not suitable for
engine operation in three-cylinder mode, routine 1000 may
continue to 1038 to determine if the engine load and/or engine
speed enable engine operation in four-cylinder mode. For
example, engine load may be very high. In another example,
engine speed may be very high. If yes, at 1040, cylinders 3
and 4 may be activated and the engine may be transitioned to
non-VDE mode of operation. Routine 1000 may then end. IT
the increase 1n engine load and/or change i speed 1s not
suificient to operate the engine 1n full-cylinder mode, routine
1000 may return to 1030.

Thus, a controller may determine engine operating modes
based on the existing combination of engine speed and engine
load. A map, such as example Map 1140, may be utilized to
decide engine mode transitions. Further, as mentioned 1n
reference to Map 1160 of FIG. 11, in some examples, the
available engine operation modes may be either a three-cyl-
inder mode or a non-VDE mode. A controller may be config-
ured to perform routines, such as the routines of FIGS. 9 and
10, to determine an engine mode of operation and transitions
between the two modes based on an engine load-engine speed
map. By operating the engine in one of two available modes,
transitions 1n engine operation may be reduced affording a
decrease 1n torque disturbances and smoother engine control.

Turning now to FIG. 18, 1t illustrates map 1800 depicting,
example transitions in an engine, such as engine 10, from
non-VDE mode to VDE mode. Map 1800 depicts torque
demand atplot 1802, mode of engine operation (two-cylinder
VDE mode, three-cylinder VDE mode, and non-VDE mode)
at plot 1804, activation status of cylinder 1 at plot 1806,
activation status of cylinders 3 and 4 at plot 1808, throttle
position at 1810, and spark advance at plot 1812. All the
above parameters are plotted against time on the x-axis. In
particular, plot 1812 shows spark retard as applied to active
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cylinders. It will also be appreciated that cylinder 2 1s always
maintained active and operational i all engine operating
modes. To elaborate further, cylinder 1 herein may be cylin-
der 31 of FIG. 2, cylinder 2 may be cylinder 33 of FIG. 2,
cylinder 3 may be cylinder 35 of FIG. 2, and cylinder 4 may
be cylinder 37 of FIG. 2.

At t0, the engine may be operating in three-cylinder VDE
mode because of moderate torque demand. Therefore, cylin-
der 1 may be deactivated while cylinders 2, 3, and 4 are active
and firing at even firing intervals of 240 CA degrees. Further,
the throttle may be at a position between open and closed
while spark advance may be at a timing that provides the
desired torque. At t1, torque demand may increase substan-
tially. For example, increased torque demand may occur
when a vehicle 1s being accelerated to merge with other
vehicles on a highway. In response to the substantial increase
in torque demand, the engine may be transitioned to full-
cylinder or non-VDE mode (plot 1804) to provide the desired
torque and accordingly, cylinder 1 may be activated. Further,
the throttle may be adjusted to a fully open position to enable
higher air flow while spark timing may be maintained at its
original setting (e.g., the timing at t0).

At 12, torque demand drops substantially. For example,
upon merging onto the highway, the vehicle may attain cruis-
ing speed allowing a reduction 1n engine speed and engine
load. In response to the decrease in torque demand, and reduc-
tion 1n engine speed and load, the engine may be transitioned
to the two-cylinder VDE mode. Further, cylinders 3 and 4
may be deactivated while cylinder 1 remains 1n its active and
operational state. Additionally, the throttle may be moved to
a more closed position. Between 12 and t3, the throttle may be
adjusted towards a more closed position. A spark retard may
also be applied to enable reduction 1n torque (plot 1812). As
shown 1n FI1G. 18, spark advance may be reduced just prior to
the transition at t2 to reduce torque in the non-VDE mode
betfore changing to two-cylinder mode. In this way, torque in
cach of the two activated cylinders that are firning aiter the
transition to two-cylinder VDE mode can be increased so that
the total torque delivered by the engine does not suddenly
drop, but changes smoothly. Once the transition 1s complete,
spark timing may be restored.

At t3, torque demand may slightly increase and the engine
may be transitioned to the three-cylinder mode based on an
increase 1n engine load. Accordingly, cylinder 1 may be deac-
tivated, and cylinders 3 and 4 may be reactivated simulta-
neously. Further, throttle position may be adjusted slightly to
allow more air flow to meet the increase 1 torque demand To
reduce a rapid rise 1n torque, spark timing may be retarded at
t3. It will be observed that the spark retard applied at t3 may
be lower than the spark retard applied at t2. The spark timing,
may be restored once desired torque 1s attained.

In this way, a four cylinder engine may be operated 1n a
three-cylinder VDE mode, a two-cylinder VDE mode, apart
from and 1n addition to a full cylinder (or non-VDE) mode to
attain fuel economy benefits. The system described herein
may comprise an engine including four cylinders arranged
inline wherein three of the four cylinders are capable of
deactivation, a crankshait with four crank pins, a single bal-
ance shaft rotating 1n an opposing direction to the crankshatft,
and a controller configured with computer readable mstruc-
tions stored on non-transitory memory for, during a first con-
dition, deactivating two of the three cylinders capable of
deactivation, and operating the engine via activating two
remaining cylinders with even firing. The first condition may
include low engine load conditions. As described earlier 1n
reference to the example of engine 10 from FIGS. 2,4, and 5,
cylinders 31, 35, and 37 may be capable of deactivation while
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cylinder 33 may not be capable of deactivation. During the
low engine load condition, therefore, cylinders 35 and 37 may
be deactivated, and cylinders 31 and 33 may be activated with
even liring at 360 crank angle degree 1ntervals.

During a second condition, the controller may also be
configured for deactivating one of the three cylinders capable
of deactivation, and operating the engine via activating
remaining three cylinders with even firing. Herein, the second
condition may be medium engine loads, and cylinder 31 of
engine 10 may be deactivated while cylinders 33, 35, and 37
are activated to operate the engine 1n three-cylinder mode.
Further, the activated three cylinders (33, 35, and 37) may be
fired at about 240 crank angle degrees apart from each other.
In another example, the second condition may include 1dling
conditions.

During a third condition, the controller may be configured
for operating the engine with all cylinders activated with at
least one uneven firing cylinder. Herein, the at least one
uneven firnng cylinder may be only cylinder 31 of example
engine 10 and the third condition may include high and very
high engine load conditions. Further, when all cylinders are
activated, a first cylinder (e.g., cylinder 35 of engine 10) may
be fired at 120 degrees of crank rotation, a second cylinder
(e.g., cylinder 33 of engine 10) may be fired at 240 degrees of
crank rotation after firing the first cylinder, a third cylinder
(e.g., cylinder 37 of engine 10) may be fired at 240 degrees of
crank rotation after firing the second cylinder, and a fourth
cylinder (e.g., cylinder 31 of engine 10) may be fired at 120
degrees of crank rotation after firing the third cylinder.

The crankshaft in the example system may include a sec-
ond crank pin, a third crank pin, and a fourth crank pin
positioned 120 degrees apart from each other. The crankshaft
may further include a first crank pin, situated adjacent to the
second crank pin and aligned with the second crank pin.

Turming now to FIG. 12, an embodiment with an integrated
exhaust manifold (IEM) with a symmetric exhaust layout for
engine 10 1s depicted. Engine components including the cyl-
inders 31, 33, 35, and 37, VCT system 202, CPS system 204
inclusive of camshaits and cams, turbocharger 290, emission
control device 70, charge air cooler 90 are the same as 1n
FIGS. 2 and 4. The exhaust layout from cylinders to the
turbocharger 1s distinct from that shown 1n FIGS. 2 and 4.

Engine 10 1s illustrated with IEM 1220 configured to
exhaust combustion products from cylinders 31, 33, 35, and
37. IEM 1220 may include exhaust runners 1239, 1241, 1243
and 1245, each exhaust runner selectively communicating
with a corresponding cylinder via one or more exhaust ports
and exhaust valves of that cylinder. Further, pairs of exhaust
runners may merge within IEM 1220 to form two plenums. As
shown 1n the example of FIG. 12, exhaust runners 1239 and
1241 may merge at Y-junction 1250 into first plenum 1223.
Exhaust runners 1243 and 1245 may merge at Y-junction
1270 1nto second plenum 1225. The first plenum 1223 and
second plenum 12235 may not communicate with each other.

The split exhaust mamfold may be integrated into a cylin-
der head to form IEM 1220. Therefore, exhaust runners 1239,

1241, 1243, and 1245, and exhaust plenums 1223 and 1225
may also be integrated within the IEM 1220. Additionally,
exhaust runner 1239 and exhaust runner 1241 may merge
within IEM 1220 at Y-junction 1250 such that first plenum
1223 oniginates within IEM 1220. Likewise, exhaust runners
1243 and 12435 may join within IEM 1220 at Y-junction 1270
such that second plenum 12235 originates within IEM 1220.
To elaborate further, exhaust runner 1239 may be fluidi-
cally coupled to cylinder 31 via exhaust port 20, while
exhaust runner 1241 may fluidically communicate with cyl-
inder 33 via exhaustport 22. First plenum 1223 formed by the
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jo1mng of exhaust runners 1239 and 1241 may thus be tluidi-
cally coupled to cylinders 31 and 33. Stmilarly, exhaust run-
ner 1243 may be fluidically coupled to cylinder 35 via exhaust
port 24, while exhaust runner 1245 may fluidically commu-
nicate with cylinder 37 via exhaust port 26. Second plenum
1225 formed by the joining of exhaust runners 1243 and 1245
may thus be flmdically coupled to cylinders 35 and 37. As
shown 1n FI1G. 12 (and FIGS. 2 and 4), exhaust runners from
cylinders 31 and 33 may not communicate with exhaust run-
ners from cylinders 35 and 37. Further, first plenum 1223 and
second plenum 1225 may be completely separated, such that
blowback from one cylinder may not harm combustion in
another cylinder adjacent in the firing sequence. First and
second plenums (1223 and 1225, respectively) may also
extend outside of IEM 1220. Thus, the first plenum 1223 and
second plenum 1225 may be the sole outlets for exhaust
outside of IEM 1220.

As depicted in FIG. 12, outside of IEM 1220, first plenum
1223 may deliver exhaust from cylinders 31 and 33 to first
scroll 71 of exhaust turbine 92 while second plenum 1225
may direct exhaust from cylinders 35 and 37 to second scroll
73 of exhaust turbine 92 via passage 61. Therefore, first scroll
71 may be fluidically coupled only to first plenum 1223 and
second scroll 73 may be fluidically coupled only to second
plenum 1225.

As 1in the embodiments of F1IGS. 2 and 4, wastegate 69 may
be 1included 1n bypass passage 67 to allow exhaust 1n first
plenum 1223 to bypass exhaust turbine 92 via passage 65.
Exhaust 1n second plenum 1225 may bypass exhaust turbine
92 via passage 63 and past wastegate 69.

In this way, a system may comprise an integrated exhaust
manifold (IEM), an inline group of four cylinders with two
inner cylinders, cylinders 33 and 35, flanked by two outer
cylinders, cylinders 31 and 37. Each cylinder may fluidically
communicate with one of four exhaust runners of the IEM,
the exhaust runners of a first outer (cylinder 31) and a first
inner cylinder (cylinder 33) merging into first plenum 1223
within the IEM 1220, and the exhaust runners of a second
outer (cylinder 37) and a second inner cylinder (cylinder 35)
merging 1nto second plenum 1225 within the IEM 1220. The
system may also include a turbocharger with a twin scroll
exhaust turbine 92 with a first scroll 71 of the turbine tluidi-
cally communicating with the first plenum 1223 but not the
second plenum 12235, and second scroll 73 of the turbine
fluidically communicating with the second plenum 1225 but
not the first plenum 1223. Further, as demonstrated in FIG.
12, the first and second plenums may be the only exhaust
outlets of the IEM and may not fluidically communicate with
cach other within the IEM.

An asymmetric exhaust layout with an integrated exhaust
manifold, such as that shown 1n FIG. 13, may be an alternative
to the embodiment of FIG. 12. Herein, as 1n FIG. 4, exhaust
from cylinder 31 may be separated and directed to first scroll
71 of exhaust turbine. Meanwhile, exhaust from cylinders 33,
35, and 37 may be combined and directed to second scroll 73
ol exhaust turbine 92. The embodiment of FIG. 13 differs
from the embodiment of FIG. 4 chietly in regards to the
presence of the IEM 1220. All other features, including firing
patterns and intervals between exhaust pulses may be the
same as 1n the embodiment of FIG. 4.

Exhaust runner 1339 may evacuate exhaust gases from
cylinder 31 via exhaust port 20 and fluidically communicate
with first plenum 1323 to direct exhaust pulses to first scroll
71 of exhaust turbine 92. Exhaust runner 1341 which receives
combustion gases from cylinder 33 via exhaust port 22 may
combine with exhaust runner 1343, which receives exhaust
gases from cylinder 35 via exhaust port 24. Further, exhaust
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runner 1345, which recetves exhaust gases from cylinder 37
via exhaust port 26 may combine with exhaust runners 1341
and 1343 at Y-junction 1370 to form second plenum 1325.
Second plenum 1325 may direct exhaust gases from cylinders
33, 35, and 37 to second scroll 73 of exhaust turbine 92 via
passage 1361.

In this way, an integrated exhaust manifold (IEM) may be
provided to reduce engine weight, surface area, and produc-
tion costs. By reducing engine weight, fuel economy benefits
may be further increased in addition to those achieved by
operating the engine 1n three-cylinder VDE mode as dis-
cussed earlier. Additionally, the turbocharger may be posi-
tioned closer to the cylinders when using an IEM enabling
hotter exhaust gases to be discharged 1nto the turbine atford-
ing faster warm-up of the emissions control device.

Turming now to FIG. 14, an additional embodiment of
engine 10 that may be operated primarily 1n three-cylinder
mode over a wider range of engine loads and engine speeds 1s
depicted. Specifically, the engine 1n the embodiment of FIG.
14 may include a single cylinder of four cylinders that 1s
capable of deactivation unlike the engine of FIGS. 2, 4, and 5
which includes three cylinders capable of deactivation. Fur-
ther, the remaining three cylinders 1n the present embodiment
of FIG. 14 may be configured to operate with early intake
valve closing during certain operating conditions. As such,
multiple engine components, such as the turbocharger 290,
emission control device 70, etc. described earlier 1n reference
to FIGS. 2 and 12 may be the same 1in FIG. 14. Distinct
components will be described herein.

As 1n earlier embodiments, engine 10 of FIG. 14 includes
four cylinders: a first outer cylinder 31, a first inner cylinder
33, asecond inner cylinder 35, and a second outer cylinder 37.
In the depicted example, cylinder 31 1s capable of deactiva-
tion but cylinders 33, 35, and 37 may not be capable of
deactivation. Integrated exhaust manifold (IEM) 1220 may
assist 1 exhausting combustion products to turbocharger
290. Further details of the cylinders will be described below.
Variable cam timing (VCT) system 202 and cam profile
switching (CPS) system 204 may be included to enable
engine operation with variable valve timings and enable the
switching of available cam profiles, respectively.

Each cylinder of engine 10 i1s depicted with two intake
valves and two exhaust valves. Other embodiments may
include fewer valves or additional valves. Each intake valve is
actuatable between an open position allowing intake air into
a respective cylinder and a closed position substantially
blocking intake air from the respective cylinder. FIG. 14
illustrates intake valves 11-18 being actuated by the common
intake camshatt 218. Intake camshait 218 includes a plurality
of intake cams configured to control the opeming and closing
of the intake valves. Each intake valve may be controlled by
two 1ntake cams, which will be described further below. In
some embodiments, one or more additional intake cams may
be included to control the intake valves. Further still, intake
actuator systems may enable the control of intake valves.

Each exhaust valve 1s actuatable between an open position
allowing exhaust gas out of a respective cylinder and a closed
position substantially retaining gas within the respective cyl-
inder. F1G. 14 shows exhaust valves E1-E8 being actuated by
common e¢xhaust camshait 224. Exhaust camshaft 224
includes a plurality of exhaust cams configured to control the
opening and closing of the exhaust valves. In the depicted
embodiment, each of the exhaust valves of cylinders 33, 35,
and 37 may be controlled by a single exhaust cam, which will
be described further below. In some embodiments, one or
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more additional exhaust cams may be included to control the
exhaust valves. Further, exhaust actuator systems may enable
the control of exhaust valves.

Engine 10 of FIG. 14 may be a variable displacement
engine wherein only one cylinder of the four cylinders 212
may be deactivated, 1f desired, via one or more mechanisms.
As mentioned earlier, cylinder 31 1s the sole cylinder includ-
ing a deactivation mechanism in this embodiment. Intake and
exhaust valves of the single cylinder, cylinder 31, may be
deactivated 1n the VDE mode of engine operation via switch-
ing tappets, switching rocker arms, or switching hydraulic
roller finger followers.

Asin the example of FIG. 2, cylinder 31 1n FIG. 14 includes
a first intake cam and a second intake cam per intake valve
arranged on common 1ntake camshaft 218, and a first exhaust
cam and a second exhaust cam per exhaust valve positioned
on common exhaust camshait 224. First intake cams may
have a first cam lobe profile for opening the intake valves for
a first intake duration and first valve lift. In the example of
FIG. 14, first intake cams C1 and C2 of cylinder 31 may open
intake valves I1 and 12 respectively for a similar duration and
l1ft. Second intake cams, N1 and N2, are depicted as null cam
lobes which may have a profile to maintain their respective
intake valves 11 and 12 1n the closed position. Thus, null cam
lobes N1 and N2 may assist 1n deactlvatmg correspondmg

intake valves when cylinder 31 1s deactivated 1in the VDE
mode.

Similar to the intake valves, cylinder 31 features a first
exhaust cam and a second exhaust cam arranged on common
exhaust camshait 224. First exhaust cams may have a {first
cam lobe profile providing a first exhaust duration and {first
exhaust valve lift. First exhaust cams C3 and C4 of cylinder
31 may have a similar first cam lobe profile which opens
respective exhaust valves E1 and E2 for a given duration and
lift. In other examples, the exhaust durations and lifts pro-
vided by cams C3 and C4 may be similar or may be distinct.
Second exhaust cams N3 and N4 are depicted as null cam
lobes which may have a profile to maintain their respective
exhaust valves E1 and E

E2 1 the closed position through one
or more engine cycles. Thus, null cam lobes N3 and N4 may
assist 1n deactivating corresponding exhaust valves 1n cylin-
der 31 during the VDE mode.

As mentioned earlier, other embodiments may include dif-
ferent mechanisms known 1n the art for deactivating intake
and exhaust valves 1n cylinders. Such embodiments may not
utilize null cam lobes for deactivation.

Cylinders 33, 35, and 37 in the embodiment of FIG. 14 may
not be deactivatable enabling engine 10 to operate largely in
a three-cylinder mode over a wide range of engine speeds and
loads. However, during lighter engine loads, these three cyl-
inders may be operated with early intake valve closing
(EIVC) to leverage fuel economy benefits arising from
reduced pumping losses.

Accordingly, cylinders 33, 35, and 37 may each include a
first intake cam and a second intake cam per intake valve
arranged on common intake camshaft 218, and a single
exhaust cam per exhaust valve positioned on common
exhaust camshait 224. Herein, {irst intake cams may have a
first cam lobe profile for opening the intake valves for a first
intake duration and first intake valve lift. First intake cams for
cylinders 33, 35, and 37 may have the same profile as the first
intake cams 1n cylinder 31. In other examples, the cams may
have distinct profiles. Further, in the depicted example ol F1G.
14, second 1ntake cams may have a second cam lobe profile
for opening the intake valves for a second intake duration and
l1ft. The second intake duration may be a shorter intake dura-

10

15

20

25

30

35

40

45

50

55

60

65

32

tion (e.g., shorter than the first intake duration) and a lower
intake valve lift (e.g., lower than the first intake valve litt).
To elaborate, intake valves 13 and 14 of cylinder 33 may be
actuated by either respective first intake cams C5 and C6, or
by respective second 1ntake cams LS and L6. Further, intake
valves IS and 16 of cylinder 35 may be actuated by either

respective first intake cams C9 and C10, or by respective
second intake cams [.9 and .10, and intake valves I7 and I8 of

cylinder 37 may be actuated by either respective first intake

cams C13 and C14, or by respective second intake cams 1.13
and [.14. First intake cams C5, Cé6, C9, C10, C13, and C14

may have a first cam lobe profile providing a first intake

duration and a first intake valve lift. Second intake cams L5,
L6, 1.9, 10, L13, and LL14 may have a second cam lobe

proflle for opening respective intake valves for a second
intake duration different from the first intake duration, and a
second intake valve lift distinct from the first intake valve lift.

In the depicted example, the first intake duration provided by
first mntake cams CS5, C6, C9, C10, C13, and C14 may be
longer than second intake duration provided by second intake
cams L5, L6, 1.9, .10, .13, and L.14. Additionally, the first
intake valve lift provided by first intake cams C5, Cé6, C9,
C10, C13, and C14 may be higher than second intake valve
litt provided by second intake cams L5, L6, .9, .10, .13, and
[.14.

In one example, the lift and duration provided by the sec-
ond intake cams for a given cylinder may be similar. For
example, each of the second intake duration and the second
valve lift provided by each of second intake cams .9 and .10
of cylinder 35 may be the same. To elaborate, the intake
duration provided by second intake cam L9 for intake valve I5
may be the same as the intake duration provided by second
intake cam .10 for intake valve 16. In other examples, the It
and duration of the second intake cams may be distinct on a
given cylinder. For example, second intake cam L5 may have
a lower lift and a shorter duration than second intake cam L6
in order to induce swirl 1n cylinder 33 during the intake event.
Likewise, second intake cams 1.9 and .10 of cylinder 35 may
have different profiles from each other, and second intake
cams .13 and L.14 of cylinder 37 may have distinct profiles
relative to each other.

Exhaust valves E3-E8 of cylinders 33, 35, and 37 may each
be actuated by a single exhaust cam with a first cam profile
providing a first exhaust duration and a first exhaust lift. As
depicted 1in FI1G. 14, cams C7 and C8 may actuate respective
exhaust valves E3 and E4 of cylinder 33, cams C11 and C12
may actuate respective exhaust valves ES and E

E6 of cylinder
35, and exhaust cams C15 and C16 may actuate respective
exhaustvalves E7 and F

E8 of cylinder 37. The first cam profiles
for exhaust cams associated with cylinders 33, 35, and 37 may
be the same as the first exhaust cam profile of first exhaust
cams C3 and C4 1n cylinder 31. In other examples, the cam
lobe profiles for exhaust cams may differ.

Each of the intake valves may be actuated by a respective
actuator system operatively coupled to controller 12. As
shown 1n FIG. 14, intake valves 11 and 12 of cylinder 31 may
be actuated via actuator system A2, intake valves 13 and 14 of
cylinder 33 may be actuated via actuator system A4, intake
valves I5 and 16 of cylinder 35 may be actuated via actuator
system A6, and intake valves 17 and I8 of cylinder 37 may be
actuated via actuator system A8. Further, each of the exhaust
valves may be actuated by a respective actuator system opera-
tively coupled to controller 12. As depicted, exhaust valves
E1 and E2 of cylinder 31 may be actuated via actuator system
Al, exhaust valves E3 and E4 of cylinder 33 may be actuated

via actuator system A3, exhaust valves ES and E6 of cylinder
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35 may be actuated via actuator system AS, and exhaust
valves E7 and E8 of cylinder 37 may be actuated via actuator
system A7.

Other embodiments may include reduced actuator systems
or different combinations of actuator systems without depart-
ing from the scope of the present disclosure. For example, the
intake valves and exhaust valves of each cylinder may be
actuated by a single actuator.

CPS system 204 may be configured to translate specific
portions of intake camshait 218 longitudinally, thereby caus-
ing operation of intake valves I11-18 to vary between respec-
tive first intake cams and second intake cams (or null cams for
cylinder 31).

In an optional embodiment depicted 1n FIG. 14 (dashed
lines) wherein actuator systems A2, A4, A6, and A8 include
rocker arms to actuate the first and second intake cams, CPS
system 204 may be operatively coupled to solenoid S1 and
solenoid S2, which 1n turn may be operatively coupled to the
actuator systems. Herein, the rocker arms may be actuated by
clectrical or hydraulic means via solenoids S1 and S2 to
tollow either the first intake cams or the second intake cams.
As depicted, solenoid S1 i1s operatively coupled solely to
actuator system A2 (via 1412) and not operatively coupled to
actuator systems A4, A6, and A8. Likewise, solenoid S2 1s
operatively coupled to actuator systems Ad (via 1422), A6
(via 1424), and A8 (via 1426), and not operatively coupled to
actuator system A2.

It will be appreciated that though not shown 1n FIG. 14,
solenoids S1 and S2 may also be operatively coupled to
actuator systems Al, A3, A5, and A7 to actuate the respective
exhaust cams. To elaborate, solenoid S1 may be operatively
coupled only to actuator system Al and not to actuator sys-
tems A3, A5, and A7. Further, solenoid S2 may be operatively
coupled to A3, A5, and A7 but not operatively coupled to Al.
Herein, rocker arms may be actuated by electrical or hydrau-
lic means to follow either the first exhaust cams or the second
null cams. Alternatively, CPS system 204 may be configured
to translate specific portions of exhaust camshaitt 224 longi-
tudinally, thereby causing operation of exhaust valves E1-E2
to vary between respective first exhaust cams and second null
cams.

Solenoid S1 may control intake cams of intake valves 11
and 12 of cylinder 31 via rocker arms 1n actuator system A2.
As mentioned earlier, though not shown in FIG. 14, solenoid
S1 may also control exhaust valves E1 and E2 of cylinder 31,
which may be deactivated at the same time as intake valves 11
and 12. A default position for solenoid S1 may be a closed
position such that rocker arm(s) operatively coupled to sole-
noid S1 are maintained 1n a pressureless unlocked position
resulting in no lift (or zero lift) of intake valves 11 and 12.

Solenoid S2 may control each pair of intake cams of intake
valves I3 and 14 of cylinder 33, intake valves IS and 16 of
cylinder 35, and intake valves 17 and I8 of cylinder 37 respec-
tively. Solenoid S2 may control the intake cams of intake
valves of cylinders 33, 35, and 37 via rocker arms 1n respec-
tive actuator systems A4, A6, and A8. Solenoid S2 may be
maintained 1n a default closed position such that associated
rocker arms are maintained 1n a pressureless locked position.

In this way, CPS system 204 may switch between a first
cam for opening a valve for a first duration, and a second cam,
for opening the valve for a second duration. In the given
example, CPS system 204 may switch cams for intake valves
in cylinders 33, 35, and 37 between a {irst cam for opening the
intake valves for a first longer duration, and a second intake
cam for opening the intake valves for a second shorter dura-
tion. CPS system 204 may switch cams for intake valves in
cylinder 31 between a first cam for opening the intake valves
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for a first duration (that may be similar to the first intake
duration in cylinders 33, 35, and 37) and a second null cam for
maintaining intake valves closed. Further, CPS system 204
may switch cams for exhaust valves in only cylinder 31
between a first cam for opening the exhaust valves for a first
duration, and a second null cam for maintaining exhaust
valves closed. In the example of cylinders 33, 35, and 37, CPS
system 204 may not switch cams for the exhaust valves as
cylinders 33, 35 and 37 are configured with one cam per
exhaust valve.

CPS system 204 may receive signals from controller 12 to
switch between different cam profiles for different cylinders
in engine 10 based on engine operating conditions. For
example, during high engine loads, engine operation may be
in non-V DE mode. Herein, all cylinders may be activated and
the 1intake valves 1n each cylinder may be actuated by their
respective first intake cams.

In another example, at a medium engine load, engine 10
may be operated 1n a three-cylinder mode. Herein, CPS sys-
tem 204 may be configured to actuate the intake valves of
cylinders 33, 35, and 37 with their respective first intake
cams. Concurrently, cylinder 31 may be deactivated by CPS
system 204 via actuating its intake and exhaust valves with
respective second, null cams. In yet another example, at a low
engine load, engine 10 may be operated 1n a three-cylinder
mode with early intake valve closing. Herein, CPS system
204 may be configured to actuate the intake valves of cylin-
ders 33, 35, and 37 with their respective second intake cams
which provide shorter intake durations.

In the optional embodiment comprising actuator systems
with rocker arms wherein the rocker arms are actuated by
clectrical or hydraulic means, the engine may be operated
with three active cylinders and early intake valve closing by
energizing solenoid S2 coupled to cylinders 33, 35, and 37 to
open and actuate the respective rocker arms to follow the
second mtake cams with shorter intake duration. At medium
engine loads, solenoid S2 may be de-energized to close such
that the respective rocker arms follow the first intake cams
with longer intake duration 1n the three active cylinders (33,
35, and 37). In both VDE modes (with early intake valve
closing and without early intake valve closing), solenoid S1
may be maintained in its default position. In non-VDE mode,
solenoid S1 may be energized to open so that respective
rocker arms follow the first intake cams (and first exhaust
cams, when applicable) on cylinder 31, and solenoid S2 may
be de-energized to close such that the respective rocker arms
follow the first intake cams with longer intake duration in
cylinders 33, 35, and 37. Thus, FIG. 14 describes an engine
system including four cylinders arranged 1inline, wherein each
cylinder may have at least one intake valve. The intake
valve(s) of a single cylinder (cylinder 31) may be actuated by
one of two cams, wherein a first cam has a non-zero lift profile
and a second cam has a zero lift profile. Herein, the second
cam may be a null cam lobe with a no-lift or a zero lift profile.
Further, each of the intake valves of remaining three cylinders
(cylinders 33, 35, and 37) may be actuated by one of two
cams, where both cams have non-zero lift profiles. Accord-
ingly, each cam may lift its respective intake valve to a non-
zero height and none of the cams actuating either intake or
exhaust valves 1n cylinders 33, 35, and 37 may be null cam
lobes.

Engine 10 of embodiment 1n FIG. 14 may be operated 1n
either a non-VDE mode or a VDE mode. During the VDE
mode, cylinder 31 may be disabled by deactivating 1ts intake
and exhaust valves. Herein, intake valves I1 and 12, and
exhaust valves E1 and E2 may be actuated (or closed) by their
respective null cam lobes. The VDE mode may be a three-
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cylinder mode. Two three-cylinder VDE modes may be avail-
able to engine 10 based on a selection of either the first intake
cam or the second intake cam in the three active cylinders.
Specifically, a first three-cylinder VDE mode may include
engine operation with longer intake durations via using {first
cam lobes to actuate each of the intake valves in cylinders 33,
35, and 37. Engine 10 may operate 1n the first three-cylinder
VDE mode, without early intake valve closing (EIVC), dur-
ing medium engine load conditions. A second three-cylinder
VDE mode may include engine operation with a shortened
intake duration (e.g., EIVC) by using the second cam lobes to
actuate each of the intake valves in cylinders 33, 35, and 37.
The second three-cylinder VDE mode may, therefore, include
EIVC and may be used for engine operation during engine
1dling conditions and during low engine load conditions. As
stated earlier, during both VDE modes, cylinder 31 may be
deactivated. CPS system 204 may switch between the first
cam lobes and the second cam lobes for intake valve actuation
in the VDE mode to enable a first three-cylinder VDE mode or

a second three-cylinder VDE mode based on engine operating
conditions.

Specifically, during the first three-cylinder VDE mode,
intake valves in cylinders 33, 35, and 37 may be actuated by
first cams C5, C6, ({or intake valves 13-14) and C9, C10, ({or
intake valves 15-16) and C13, C14 (for intake valves 17-18).
During the second three-cylinder VDE mode, intake valves in
cylinders 33, 35, and 37 may be actuated by respective second
cams L5, L6, and 1.9, 10, and .13, L14.

In the non-VDE mode, the CPS system 204 may switch to
first cam lobes for actuating all intake valves 1n all cylinders
with a longer intake duration and a higher intake valve lift.
The non-VDE mode may be utilized during high or very high
engine load conditions. To elaborate, during the non-VDE

mode, intake valves and exhaust valves 1n cylinder 31 may be
actuated by cams C1, C2 (for 11-12), and C3 and C4 (for

E1-E2) while intake and exhaust valves 1n cylinders 33, 35,
and 37 may be actuated by first cams C5, C6 (for 13-14), C7,
C8 (for E3-E4), C9, C10 (for 15-16), C11, C12 (for ES-E6),
C13, C14 (for I7-18), C15, and C16 (for E7-ES8).

Referring now to FIG. 15, map 1500 depicts an example
intake valve and exhaust valve operation utilizing cam profile
switching between the two non-zero lift cam lobes described
above with reference to FIG. 14. In particular, FIG. 135 shows
the operation of an intake valve (which may be one of intake
valves 13-18) and an exhaust valve (which may be one of
exhaust valves E3-E8), with respect to crankshait angle.

Map 1500 1llustrates crank angle degrees plotted along the
x-ax1s and valve lift in millimeters plotted along the y-axis.
An exhaust stroke of the cycle 1s shown generally occurring,
between 180 degrees and 360 degrees crank angle. Subse-
quently, a regular intake stroke of the cycle 1s shown generally
occurring between 360 degrees and 540 degrees crank angle.
The regular intake stroke may occur with a first cam actuating
the intake valves of cylinders 33, 35, or 37.

Further, as shown 1n map 1500, each of the exhaust valve
and the intake valve have a positive lift which corresponds to
the valves being 1n an open position, thereby enabling air to
flow out of or into the combustion chamber. During engine
operation, the amount of l1ft during intake strokes and exhaust
strokes may vary from that shown 1n FIG. 15 without depart-
ing from the scope of the examples described herein.

Curve 1510 depicts an example exhaust valve timing, liit,
and duration for an exhaust valve 1n cylinder 33, cylinder 35,
or cylinder 37. Exhaust valve opening (EVO) may commence
betore 180 crankshaft degrees, at approximately 120 crank-
shaft degrees, and exhaust valve closing (EVC) may end at
approximately 380 crankshaft degrees. Therefore, exhaust
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duration may be approximately 260 crankshait degrees. In
one example, exhaust duration may be 250 crankshaft
degrees. In another example, exhaust duration may be longer
at 270 crankshaft degrees. In yet another example, exhaust
duration may be exactly 260 crank angle degrees. Further,
exhaust valve lift may be approximately 9 mm.

Curve 1520 portrays an example intake valve timing, lift,
and duration for an intake valve actuated by a first cam 1n
cylinder 33, cylinder 35 or cylinder 37. Herein, intake valve
opening (IVO) may begin at approximately 350 crankshaft
degrees and intake valve closing (IVC) may occur at approxi-
mately 590 crankshaft degrees. Accordingly, intake duration
when actuating with the first cam may be approximately 240
crank angle degrees. In one example, imntake duration may be
230 crankshait degrees. In another example, intake duration
may be longer at 260 crankshait degrees. In yet another
example, intake duration may be exactly 240 crankshaft
degrees. Further, intake valve lift may be approximately 9
mm. In one example, intake valve lift may be 8 mm whereas
in another example, intake valve lift may be 10 mm. In yet
another example, intake valve lift may be exactly 9 mm.
Intake and exhaust valve lifts may vary from that stated herein
without departing from the scope of the examples herein.

Curve 1530 depicts an example intake valve timing, 1ift,
and duration for an intake valve actuated by a second cam 1n
cylinder 33, cylinder 35, or cylinder 37. Herein, intake valve
opening (IVO) may begin at about the same time as in curve
1520, e.g., at approximately 350 crankshaft degrees. How-
ever, the intake valve may be closed earlier and early intake
valve closing (EIVC) may occur at approximately 470 crank-
shaft degrees. Accordingly, intake duration when actuating
with the second cam may be approximately 120 crank angle
degrees. In one example, intake duration may be shorter e.g.,
110 crankshatt degrees. In another example, intake duration
may be longer e.g., 140 crankshait degrees. In yet another
example, intake duration may be exactly 120 crank angle
degrees. Further, intake valve lift may be approximately 3
mm. Intake valve lift during EIVC may vary between 2 mm to
5 mm 1n alternate examples.

As depicted 1n FI1G. 15, bracket 1572 represents an exhaust
duration, bracket 1574 represents an intake duration with first
cam, and bracket 1576 represents an intake duration with
second cam actuation. As will be observed, bracket 1576 1s
substantially shorter than bracket 1574. As described earlier,
intake duration with second cam actuation may be approxi-
mately 120 crank angle degrees, and shorter than intake dura-
tion with first cam actuation which may be approximately 240
crank angle degrees. Further, intake valve lift with second
cam 1s lower than intake valve lift with first cam.

Turming now to FIG. 16, 1t shows an example routine 1600
for determiming a mode of operation in a vehicle with an
engine, such as the example engine of FIG. 14. Specifically, a
three-cylinder VDE mode with early intake valve closing
(EIVC), a three-cylinder VDE mode without EIVC or a non-
VDE mode of operation may be selected based on engine
loads. Further, transitions between these modes of operation
may be determined based on changes in engine loads. Routine
1600 may be controlled by a controller such as controller 12
of engine 10.

At 1602, the routine includes estimating and/or measuring
engine operating conditions. These conditions may include,
for example, engine speed, engine load, desired torque, mani-
told pressure (MAP), air/fuel ratio, mass air tlow (MAF),
boost pressure, engine temperature, spark timing, intake
manifold temperature, knock limits, etc. At 1604, the routine
includes determining a mode of engine operation based onthe
estimated engine operating conditions. For example, engine
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load may be a significant factor to determine engine mode of
operation which includes a three-cylinder VDE mode with
EIVC, a three cylinder VDE mode without EIVC at regular,
base durations of intake, or a non-VDE mode (or four-cylin-
der mode). The regular, base durations of intake 1n the three-
cylinder mode without EIVC may be longer than the intake
durations during the three-cylinder mode with EIVC. In
another example, desired torque may also determine engine
operating mode. A higher demand for torque may include
operating the engine in non-VDE or four-cylinder mode. A
lower demand for torque may enable a transition of engine
operation to a VDE mode. As will be elaborated later 1n
reference to map 1180 of FIG. 11, a combination of engine
speed and engine load conditions may determine engine
mode of operation.

At 1606, therefore, routine 1600 may determine 1f high (or
very high) engine load conditions exist. For example, the
engine may be experiencing higher loads as the vehicle
ascends a steep incline. In another example, an air-condition-
ing system may be activated thereby increasing load on the
engine. I1 1t 1s determined that high engine load conditions
exist, routine 1600 continues to 1608 to activate all cylinders
and operate 1n the non-VDE mode. In the example of engine
10 of FIG. 14, all four cylinders may be activated during the
non-VDE mode. As such, a non-VDE mode may be selected
during very high engine loads and/or very high engine speeds.

At 1610, the four cylinders may be fired in the following
sequence: 1-3-2-4 with cylinders 2, 3, and 4 firing about 240
CA degrees apart, and cylinder 1 firing about halfway
between cylinder 4 and cylinder 3. In this example, cylinder
31 of FIG. 14 1s cylinder 1, cylinder 33 of FIG. 14 1s cylinder
2, cylinder 35 of F1G. 14 1s cylinder 3, and cylinder 37 of FIG.
14 1s cylinder 4. When all cylinders are activated, the single
deactivatable cylinder 1 (cylinder 31) may be fired approxi-
mately midway between cylinder 4 and cylinder 3. Further,
firing events 1n cylinder 4 may be separated from firing events
in cylinder 3 by 240 crank angle degrees. Thus, cylinder 1
may be fired approximately 120 crank angle degrees after
cylinder 4 1s fired, and approximately 120 crank angle
degrees before cylinder 3 1s fired. Furthermore, cylinder 2
may be fired about 240 crank angle (CA) degrees after firing,
cylinder 3 and cylinder 4 may be fired about 240 crank angle
degrees after firing cylinder 2. Thus the non-VDE mode
includes uneven firing intervals (e.g., 120°-240°-240°-120°)
wherein cylinder 3 1s fired 120 CA degrees aifter cylinder 1,
cylinder 2 1s fired 240 CA degrees after cylinder 3, cylinder 4
1s fired 240 CA degrees after cylinder 2, and cylinder 1 1s fired
at 120 CA degrees after cylinder 1. The sequence continues
thereon at the same {iring intervals 1n non-VDE mode.

ITat 1606, it 1s determined that high engine load conditions
do not exist, routine 1600 progresses to 1612 where 1t may
determine 1f low engine load conditions are present. For
example, the engine may be operating at a light load when
cruising on a highway. In another example, lower engine
loads may occur when the vehicle 1s descending an incline. If
low engine load conditions are determined at 1612, routine
1600 continues to 1614 to operate the engine in a three-
cylinder VDE mode with EIVC. Herein, cylinder 1 may be
deactivated. As explained 1n reference to FIG. 15, the three-
cylinder mode with EIVC may include actuating the intake
valves with respective second cams. Therefore, the three acti-
vated cylinders may be operated with an 1ntake duration of
120 crank angle degrees at 1616, and with an intake valve lift
of 3 mm at 1618. Additionally, at 1620, the three activated
cylinders (cylinders 2, 3, and 4) may be fired at 240 crank
angle degree intervals. Routine 900 may then proceed to
1632.
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If 1t 1s determined at 1612 that low engine load conditions
are not present, routine 1600 progresses to 1622 where 1t may
determine engine operation under medium loads. Next, at
1624, the engine may be operated 1n a three-cylinder VDE
mode without EIVC wherein cylinder 1 may be deactivated
and cylinders 2, 3, and 4 may be activated. Herein, the intake
valves of the activated cylinders may be actuated via their
respective first cams. Further, at 1626, intake durations in the
three activated cylinders may be 240 crank angle degrees, and
at 1628, intake valves may be lifted to about 9 mm. Further
still, at 1630, combustion events 1n the three activated cylin-
ders may occur at 240 crank angle degree intervals.

Once an engine operating mode 1s selected and engine
operation 1n selected mode 1s commenced (e.g., at one of
1610,1624, or 1614), routine 1600 may determine at 1632 11
a change 1n engine load 1s occurring. For example, the vehicle
may complete ascending the incline and reach a level portion
whereby the existing high engine load may be reduced to a
moderate load. In another example, the vehicle may acceler-
ate on the highway to pass other vehicles. Herein, engine load
may increase to a moderate or high load. If i1t 1s determined at
1632 that a change 1n load 1s not occurring, routine 1600
continues to 1634 to maintain engine operation in the selected
mode. Else, at 1636, engine operation may be transitioned to
a different mode based on the change in engine load. Mode
transitions will be described in detail 1n reference to FI1G. 17
which shows an example routine 1700 for transitioning from
an existing engine operation mode to a different operation
mode based on determined engine loads.

At 1638, various engine parameters may be adjusted to
enable a smooth transition and reduce torque disturbance
during transitions. For example, when transitioning from a
VDE mode to a non-VDE mode, an opening of an intake
throttle may be decreased to allow the MAP to decrease.
Since the number of firing cylinders may have increased in the
transition from VDE mode to non-VDE mode, the airflow and
thus, MAP to each of the finng cylinders, may need to be
decreased to minimize torque disturbances. Therefore,
adjustments may be made such that the intake manifold may
be filled to a lesser extent with air to achueve an air charge and
MAP that will provide the driver-demanded torque as soon as
the cylinders are reactivated. Accordingly, based on an esti-
mation of engine operating parameters, the engine’s throttle
may be adjusted to reduce airtlow and the MAP to a desired
level. Additionally or alternatively, spark timing may be
retarded to maintain a constant torque on all the cylinders,
thereby reducing cylinder torque disturbances. When sudifi-
cient MAP 1s reestablished, spark timing may be restored and
throttle position may be readjusted. In addition to throttle and
spark timing adjustments, valve timing may also be adjusted
to compensate for torque disturbances. Routine 1600 may end
aiter 1638.

Turning now to map 1180 of FIG. 11, 1t shows an engine
speed-engine load map for the embodiment of the engine 1n
FIG. 14. Specifically, map 1180 indicates different engine
operation modes that are available at different combinations
of engine speeds and engine loads. Map 1180 also shows
engine speed plotted along the x-axis and engine load plotted
along the y-axis. Line 1122 represents a highest load that a
given engine can operate under at a given speed. Zone 1124
indicates a four-cylinder non-VDE mode for a four-cylinder
engine, such as engine 10 described earlier. Zone 1148 1ndi-
cates a three-cylinder VDE mode without EIVC and zone
1182 1ndicates a three-cylinder VDE mode with EIVC.

Map 1180 depicts an example of engine operation where
the engine may largely operate 1n one of two available three-
cylinder VDE modes. A two-cylinder VDE mode option 1s not
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available for engine 10 of FIG. 14. Engine 10 may operate 1n
three-cylinder VDE

mode with EIVC during low engine
loads-low engine speeds, during low engine loads-moderate
engine speeds, and during low engine loads-high engine
speeds. Engine mode of operation may be transitioned to
three-cylinder mode without EIVC during medium engine
load conditions at all speeds other than very high, as shown by
zone 1148. At very high speed conditions at all loads and very
high load conditions at all engine speeds, a non-VDE mode of
operation may be utilized.

It will be appreciated from Map 1180 that the example
engine of FIG. 14 may operate substantially in a three-cylin-
der mode. A non-VDE mode may be selected only during the
high load and high engine speed conditions. Thus, fuel
economy may be enhanced while reducing the number of

transitions between three-cylinder mode and non-VDE
mode. In the example shown in Map 1180, transitions
between non-VDE and VDE modes may be significantly
reduced. By reducing transitions in engine operating modes,
engine control may be easier and torque disturbances due to
such transitions may be lessened. Further, in the example of
engine 10, a single cylinder may be arranged to be capable of
deactivation enabling a decrease 1n costs. The fuel economy
benefits may be relatively diminished 1n comparison to the
engine operation example of Map 1140.

Thus, a method for an engine 1s provided comprising dur-
ing a first condition, operating the engine with a single cyl-
inder deactivated and remaining cylinders activated with a
first intake duration, during a second condition, operating the
engine with the single cylinder deactivated and the remaining
cylinders activated with a second 1ntake duration, and during
a third condition, operating the engine with all cylinders
activated. Herein, the first condition may include a first
engine load, the second condition may include a second
engine load, and the third condition may include a third
engine load, such that the second engine load 1s lower than the
first englne load, and the first engine load 1s lower than the
third engine load. The method may further comprise during,
the first condition operating the remaining cylinders with a
first intake valve lift, and during the second condition, oper-
ating the remaining cylinders with a second intake valve Iift.
Further, during the third condition, all cylinders may be acti-
vated with the first intake duration and the first intake valve
lift. Herein, the first intake valve lift may be higher than the
second intake valve lift and the first intake duration may be
longer than the second intake duration. Further, the first
intake duration may be approximately 240 crank angle
degrees, and the second intake duration may be approxi-
mately 120 crank angle degrees. The exhaust duration may be
the same during all three conditions and may be approxi-
mately 260 crank angle degrees. Further, the second condi-
tion may include an 1dling engine condition.

The method may further include switching between the
first condition and the second condition with a cam profile
switching system between a first cam and a second cam, the
first cam for opening a first intake valve of each of the remain-
ing cylinders for the first intake duration, and the second cam
for opening the first intake valve of each of the remaining
cylinders for the second intake duration. Herein, the engine
may comprise four cylinders arranged inline. Further, during
the first and second conditions, firing events in the engine may
be separated by 240 crank angle degrees. During the third
condition, the single cylinder may be fired approximately
midway between a fourth cylinder and a third cylinder, and
wherein the fourth cylinder and the third cylinder may be fired

240 crank angle degrees apart. The method may further com-
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prise firing a second cylinder approximately 240 crank
degrees after firing the third cylinder.

Turming now to FIG. 17, routine 1700 for determining
transitions 1n engine operating modes based on engine load
conditions 1s described for the example engine of FIG. 14.
Specifically, the engine may be transitioned from a non-VDE
mode to one of two three-cylinder VDE modes and vice versa,
and may also be transitioned between the two three-cylinder
VDE modes.

At 1702, the current operating mode may be determined.
For example, the four-cylinder engine may be operating in a
non-VDE, full cylinder mode, a three-cylinder VDE mode
with EIVC, or a three-cylinder VDE mode without EIVC. At
1704, 1t may be determined 1f the engine 1s operating in the
four-cylinder mode. If not, routine 1700 may move to 1706 to
determine 1f the current mode of engine operation 1s the
three-cylinder VDE mode without EIVC. If not, routine 1700
may determine at 1708 if the engine 1s operating 1n the three-
cylinder VDE mode with EIVC. If not, routine 1700 returns to
1704.

At 1704, 111t 1s confirmed that a non-VDE mode of engine
operation 1s present, routine 1700 may continue to 1710 to
confirm 11 engine load has decreased. If the existing engine
operating mode 1s a non-VDE mode with all four cylinders
activated, the engine may be experiencing high or very high
engine loads. In another example, anon-VDE mode of engine
operation may be in response to very high engine speeds.
Thus, 1f the engine 1s experiencing high engine loads to oper-
ate 1n a non-VDE mode, a change 1n operating mode may
occur solely with a decrease 1n load. An increase 1n engine
load may not change operating mode.

I11t 1s confirmed that a decrease 1n load has not occurred, at
1712, the existing engine operating mode may be maintained
and routine 1700 ends. However, 1f 1t 1s determined that a
decrease 1n engine load has occurred, routine 1700 progresses
to 1714 to determine 11 the decrease 1n engine load 1s to a
medium load. In another example, a change 1n engine condi-
tions may 1nclude a decrease 1n load to medium loads and a
decrease 1n speed to high, moderate or low speeds. As
described earlier 1n reterence to Map 1180 of FIG. 11, a
transition to moderate load-moderate speed conditions, and
to moderate load-low speed conditions may enable engine
operation 1n three-cylinder VDE mode without EIVC. It will
be appreciated that a transition to three-cylinder VDE mode
without FIVC may also occur during moderate load-high
speed conditions. Accordingly, if a decrease to medium load
1s confirmed, at 1716, a transition to three-cylinder VDE
mode without EIVC may occur. Herein, cylinder 1 of the four
cylinders may be deactivated while maintaining remaining
three cylinders in an activated condition. Further, intake
valves 1n the remaining three cylinders may be actuated by
their respective first cams providing a longer intake duration.
Routine 1700 may then end.

If at 1714 1t 1s determined that the decrease 1n engine load
1s not to a medium engine load condition, routine 1700 con-
tinues to 1718 to confirm that the decrease 1n engine load 1s to
a low load condition. As explained above 1n reference to Map
1180 of FIG. 11, low engine loads with low to high engine
speeds may enable a three-cylinder VDE mode with EIVC. It
the decrease 1n load 1s not to a low load condition, routine
1700 returns to 1710. Else, at 1720 a transition to the three-
cylinder VDE mode with EIVC may be completed by deac-
tivating cylinder 1 and maintaining cylinders 2, 3, and 4 1n an
activated condition. Further, intake valves 1n the activated
three cylinders may be actuated by their respective second
cams providing shorter intake durations. Routine 1700 may
then end.
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Returning to 1706, 11 1t 1s confirmed that the current engine
operating mode 1s the three-cylinder VDE mode without
EIVC, routine 1700 continues to 1722 to determine if engine
load has increased. If the existing operating mode 1s the
three-cylinder mode without EIVC, the engine may have
previously experienced moderate load conditions. Therefore,
a transition from the existing mode may occur with an
increase 1n engine load or a significant increase 1 engine
speed. A transition from the existing mode may also occur 1f
there 1s a decrease 1n engine load to a low load. I an increase
in engine load 1s confirmed at 1722, routine 1700 progresses
to 1724 to transition to a non-VDE mode. Therefore, cylinder
1 may be activated to operate the engine in four-cylinder
mode. Further, intake valves 1n all cylinders may be actuated
by their respective first cams providing a longer intake dura-
tion.

If an 1ncrease 1n engine load 1s not determined at 1722,
routine 1700 may confirm at 1726 11 a decrease in engine load
has occurred. I1 yes, engine operation may be transitioned to
three-cylinder VDE mode with EIVC at 1728. The CPS sys-
tem may switch intake valve actuating cams from a first cam
with longer intake duration to a second cam with a shorter
intake duration. If a decrease 1n engine load 1s not confirmed,
routine 1700 may continue to 1712 where the existing engine
operating mode may be maintained. Herein, the existing
engine operating mode 1s the three-cylinder VDE mode with-
out EIVC.

Returning to 1708, 11 1t 1s confirmed that the current engine
operating mode 1s the three-cylinder VDE mode with EIVC,
routine 1700 continues to 1730 to determine 1f engine load
has increased. If the existing operating mode 1s the three-
cylinder VDE mode with EIVC, the engine may have previ-
ously experienced lighter engine loads. Therefore, a transi-
tion from the existing mode may occur with an increase in
engine load to etther medium, high or very high. In another
example, a transition may also occur 1f engine speed increases
to very high speeds. If an increase in engine load i1s not
confirmed at 1730, routine 1700 progresses to 1732 to main-
tain the existing three-cylinder VDE mode with EIVC. It
should be noted that the relative speed (or loads or other such
parameters) as being high or low refer to the relative speed
compared to the range of available speeds.

If an increase 1n engine load 1s confirmed at 1730, routine
1700 may continue to 1734 to determine 1f the increase 1n
engine load 1s to a medium load (from an existing low load).
If yes, engine operation may be transitioned to three-cylinder
VDE mode without EIVC at 1736. The CPS system may
switch intake valve actuating cams from the second cam with
shorter intake duration to the first cam with longer intake
duration. If an increase to medium engine load 1s not con-
firmed, routine 1700 may continue to 1738 to determine 11 the
increase in load 1s to a high (or very high load). If yes, at 1740,
cylinder 1 may be activated and the engine may be transi-
tioned to non-VDE mode of operation. Further, the intake
valves 1 all cylinders may be actuated via their respective
first intake cams providing longer intake durations. Routine
1700 may then end. If the increase 1n engine load 1s not to a
high (or very high) load, routine 1700 may return to 1730.

Thus, the embodiment of FIG. 14 may comprise an engine
with four cylinders wherein a single cylinder of the four
cylinders includes a deactivation mechamsm. Further, each of
the remaining three ol the four cylinders (excluding the single
cylinder) include at least one intake valve actuatable between
an open position and a closed position via a first intake cam
having a first profile for opening the intake valve for a first
intake duration, and via a second intake cam having a second
profile for opening the itake valve for a second itake dura-
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tion. Additionally, the engine may include a controller with
computer-readable 1nstructions stored in non-transitory
memory for during a low engine load, deactivating the single
cylinder, and actuating the intake valve of each of the remain-
ing three cylinders with the second intake cam. During a
medium engine load, the controller may deactivate the single
cylinder, and actuate the intake valve of each of the remaining
three cylinders with the first intake cam, and during a high
engine load, the controller may activate the single cylinder,
and actuate the intake valve of each of the remaining three
cylinders with the first intake cam. Herein, the first intake cam
may have a profile that enables a longer intake duration than
the intake duration enabled by the second intake cam. There-
fore, the first intake duration 1s longer than the second intake
duration. Furthermore, the first profile of the first intake cam
may have a first valve liit and the second profile of the second
intake cam may have a second valve lift wherein the second
valve lift 1s lower than the first valve lift. In other words, the
first valve lift if hugher than the second valve lift.

In this way, an engine with variable displacement engine
(VDE) operation may be operated for substantial reduction in
fuel consumption and smoother engine control. The engine
may include a crankshait that enables a three-cylinder VDE
mode with even firing such that three of four cylinders are
fired about 240 crank angle degrees apart from each other.
Herein, a single cylinder of the four cylinders may be deac-
tivated. The engine may also operate 1n full-cylinder or non-
VDE mode wherein all four cylinders are activated with
uneven firing. In one example, the crankshaft may enable the
single cylinder to be fired approximately midway between
two of the three cylinders. The uneven firing mode may com-
prise firing the single cylinder at approximately zero crank
angle (CA) degrees followed by firing a first of the three
cylinders approximately 120 CA degrees aiter firing the
single cylinder. A second of the three cylinders may be fired
approximately 240 CA degrees after firing the first of the
three cylinders followed by firing a third of the three cylinders
approximately 240 CA degrees after firing the second of the
three cylinders. For example, in a four-cylinder engine with
cylinders 1, 2, 3, 4 arranged 1nline, the firing order 1n full-
cylinder mode may be 1-3-2-4 wherein cylinders 2, 3, and 4
fire 240 CA degrees apart from each other and cylinder 1 fires
approximately midway between cylinder 4 and cylinder 3.

The engine described above may either be a naturally aspi-
rated engine or a turbocharged engine. In the example of a
turbocharged engine with VDE operation having a firing
order 1-3-2-4, a twin scroll exhaust turbine may be included
to separate exhaust pulses. Exhaust runners from cylinder 1
and cylinder 2 may be coupled to a first scroll of the exhaust
turbine and exhaust runners from cylinder 3 and cylinder 4
may be coupled to a second scroll of the exhaust turbine. Each
scroll may thus recerve exhaust pulses separated by at least
240 CA degrees. A symmetric layout such as the one
described above may improve turbine efficiency. An alternate
layout may comprise coupling the exhaust runner from cyl-
inder 1 to the first scroll of the exhaust turbine and coupling
exhaust runners from cylinders 2, 3, and 4 to the second scroll
of the exhaust turbine. This layout may also provide exhaust
pulse separation of at least 240 CA degrees 1n each scroll but
may result in a relatively lower turbine efficiency. However,
cach of these layouts may offer a compactness which may be
utilized by integrating the exhaust manifold into the cylinder
head. By including an integrated exhaust mamifold, the engine
may have reduced weight, reduced surface area, and
decreased expenses.

In another embodiment, the engine may be capable of
operating 1n a two-cylinder VDE mode during low (or lower)
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engine load conditions. In this embodiment, only three of the
four cylinders may be provided with deactivation mecha-
nisms. The single uneven firing cylinder (during full-cylinder
mode) may be one of the three provided with deactivation
mechanisms. For example, cylinders 1, 3, and 4 may be deac-
tivatable while cylinder 2 may not be deactivatable. To oper-
ate 1 the two-cylinder VDE mode, the single uneven firing
cylinder may be activated along with the non-deactivatable
cylinder. For example, cylinder 1 and cylinder 2 may be
activated 1n the two-cylinder VDE mode while cylinder 3 and
cylinder 4 may be deactivated. Further, the engine may be
operated with even firing wherein the two activated cylinders
(cylinders 1 and 2) are fired at approximately 360 CA degree
intervals from each other. In this embodiment, the engine may
be operated in the two-cylinder VDE mode during lower
engine loads, as mentioned above. The engine may be tran-
sitioned to three-cylinder VDE mode during medium engine
load conditions. Further, a higher engine load condition may
include engine operation 1n full-cylinder or non-VDE mode.
Additionally, during idle, the engine may be operated 1n the
three-cylinder VDE mode. It will be noted that engine load
conditions mentioned above are relative. As such, low engine
load conditions may include conditions where engine load 1s
lower than each of medium engine loads and high (or higher)
engine loads. Medium engine loads include conditions where
engine load 1s greater than low load conditions, but lower than
high (or higher) load conditions. High or very high engine
load conditions include engine loads that may be higher than
cach of medium and low (or lower) engine loads.

In yet another embodiment, the engine may not be capable
of operating in a two-cylinder VDE mode. Herein, during
lower engine loads the engine may operate 1n a three-cylinder
mode with early imntake valve closing (EIVC). In this embodi-
ment, the single uneven firing cylinder may be the only cyl-
inder including a deactivation mechanism. The remaining
three cylinders may include intake valves that are actuatable
by two cams: a first cam providing a longer intake duration
and a higher valve lift, and a second cam providing a shorter
intake duration and a lower valve lift. Herein, the second cam
may enable EIVC operation. A controller of the engine 1n this
embodiment may operate the engine 1n three-cylinder VDE
mode with EIVC during lighter engine loads, and may tran-
sition engine operation to a three-cylinder mode without
EIVC during moderate engine loads. In some examples, the
engine may be operated during higher engine load conditions
in the three-cylinder mode without EIVC. Finally, during
very high engine loads, the controller may transition engine
operation to non-VDE (full-cylinder) mode and activate the
single cylinder. It will be appreciated that the three cylinder
VDE mode includes even firing wherein the engine 1s fired at
approximately 240 CA degree intervals. Further, in the non-
VDE mode, an uneven firing pattern may be used.

In this way, a three cylinder VDE mode may be used
primarily for engine operation in the engine embodiments
described above. Aside from fuel economy benefits, the
engine may operate with decreased NVH offering improved
drivability. A single balance shaft may replace the typical
twin balance shatts to counter crankshaft rotation and offset
vibrations providing a reduction 1 weight and decreased
frictional losses. Accordingly, fuel economy may be further
enhanced. An integrated exhaust manifold (IEM) may also be
used in the described embodiments providing a further
decline in engine weight. In the example of a turbocharged
engine having VDE operation with a twin scroll turbocharger,
exhaust pulse separation may be obtained which may resultin
higher volumetric efficiencies and engine power. In the
example of the engine capable of three-cylinder VDE mode
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with EIVC, the engine may be primarily operated in a three-
cylinder VDE mode. Thus, fuel consumption may be
decreased and enhanced engine eificiency may be attained.
Further, by using a two-step intake valve lift, charge motion 1n
the cylinders may be increased and pumping losses may be
reduced. In addition, transitions between the VDE and non-
VDE modes may be reduced resulting 1in smoother engine
operation and improved engine control. Overall, the engine
embodiments with VDE operation described herein offer sub-
stantial Tuel economy benefits and enhances drivability.

In one representation, a method for an engine having VDE
operation may comprise when all cylinders are activated,
firing a first cylinder at 120 degrees of crank rotation, firing a
second cylinder at 240 degrees of crank rotation after firing
the first cylinder, firing a third cylinder at 240 degrees of crank
rotation after firing the second cylinder, firing a fourth cylin-
der at 120 degrees of crank rotation after firing the third
cylinder. Further, when three cylinders are activated, the
method may 1include firing the three activated cylinders at 240
crank angle degree intervals. In one example, the three cyl-
inders may be activated during idle engine conditions. In
another example, the three cylinders may be activated during
medium engine load conditions. The method may also com-
prise when two cylinders are activated, firing the two acti-
vated cylinders at 360 crank angle degree intervals. The two
cylinders may be activated during low engine load conditions.

In another representation, a system for an engine may
comprise a turbocharger for providing a boosted aircharge to
the engine, the turbocharger including an intake compressor
and an exhaust turbine, the exhaust turbine including a first
and a second scroll, an 1inline group of four cylinders with a
first cylinder fluidically communicating with the first scroll of
the exhaust turbine and remaining three cylinders fluidically
communicating with the second scroll of the exhaust turbine.
Further, a controller may be configured with computer read-
able mstructions stored on non-transitory memory for during
a first condition, tlowing exhaust from the first cylinder to the
first scroll of the exhaust turbine and flowing exhaust from the
remaining three cylinders to the second scroll of the exhaust
turbine. Herein, the first condition may include high engine
load conditions. Further, the first scroll of the exhaust turbine
may receive exhaust from the first cylinder at 720 crank angle
degree 1ntervals, and wherein the second scroll of the exhaust
turbine may receive exhaust from the remaining three cylin-
ders at 240 crank angle degree intervals. The exhaust from the
first cylinder may be recerved by the exhaust turbine approxi-
mately midway between exhaust recerved from two of the
remaining three cylinders.

The controller may be further configured for during a sec-
ond condition, deactivating the flowing of exhaust from the
first cylinder to the first scroll of the exhaust turbine and
flowing exhaust from the remaining three cylinders to the
second scroll of the exhaust turbine. Herein, the second con-
dition may include medium engine load conditions. In
another example, the second condition may include engine
1dling conditions.

The controller may be further configured for, during a third
condition, activating the first cylinder, activating a {irst of the
remaining three cylinders, and, deactivating a second and a
third cylinder of the remaining three cylinders. Herein,
exhaust may tlow from the first of the remaiming three cylin-
ders to the second scroll and exhaust may flow from the first
cylinder to the first scroll of the exhaust turbine. Further, the
exhaust turbine may receive exhaust at 360 crank angle
degree mtervals. Further still, the third condition may include
low engine load conditions.
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Note that the example control and estimation routines
included herein can be used with various engine and/or
vehicle system configurations. The control methods and rou-
tines disclosed herein may be stored as executable instruc-
tions 1n non-transitory memory. The specific routines
described herein may represent one or more of any number of
processing strategies such as event-driven, mterrupt-driven,
multi-tasking, multi-threading, and the like. As such, various
actions, operations, and/or functions illustrated may be per-
formed 1n the sequence illustrated, 1n parallel, or 1n some
cases omitted. Likewise, the order of processing 1s not nec-
essarily required to achieve the features and advantages of the
example embodiments described herein, but 1s provided for
case of 1llustration and description. One or more of the 1llus-
trated actions, operations and/or functions may be repeatedly
performed depending on the particular strategy being used.
Further, the described actions, operations and/or functions
may graphically represent code to be programmed 1nto non-
transitory memory of the computer readable storage medium
in the engine control system.

It will be appreciated that the configurations and routines
disclosed herein are exemplary 1n nature, and that these spe-
cific embodiments are not to be considered 1n a limiting sense,
because numerous variations are possible. For example, the
above technology can be applied to V-6, 14, 1-6, V-12,
opposed 4, and other engine types. The subject matter of the
present disclosure icludes all novel and non-obvious com-
binations and sub-combinations of the various systems and
configurations, and other features, functions, and/or proper-
ties disclosed herein.

The following claims particularly point out certain combi-
nations and sub-combinations regarded as novel and non-
obvious. These claims may refer to “an” element or “a first”
clement or the equivalent thereol. Such claims should be
understood to include incorporation of one or more such
clements, neither requiring nor excluding two or more such
clements. Other combinations and sub-combinations of the
disclosed features, functions, elements, and/or properties
may be claimed through amendment of the present claims or
through presentation of new claims 1n this or a related appli-
cation. Such claims, whether broader, narrower, equal, or
different in scope to the original claims, also are regarded as
included within the subject matter of the present disclosure.

The mvention claimed 1s:

1. A method for an engine, comprising:

directing exhaust from a first outer cylinder and a first inner
cylinder of four cylinders to a first scroll of a twin scroll
turbocharger;

directing exhaust from a second outer cylinder and a sec-
ond inner cylinder of the four cylinders to a second scroll
of the twin scroll turbocharger:;

during a first condition, operating all cylinders with at least
one uneven firing;

wherein {iring events 1n the first outer cylinder and the first
inner cylinder are separated by at least 360 crank angle
degrees;

wherein firing events 1n the second outer cylinder and the
second mner cylinders are separated by at least 240
crank angle degrees; and

wherein operating all cylinders with at least one uneven
finng includes firing the second inner cylinder at 120
degrees of crank rotation after the first outer cylinder 1s
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fired, firing the first mner cylinder 240 crank angle
degrees aiter firing the second nner cylinder, firing the
second outer cylinder 240 crank angle degrees after fir-
ing the first inner cylinder, and firing the first outer
cylinder 120 crank angle degrees aiter firing the second
outer cylinder, and wherein the first condition includes
high engine load conditions.

2. The method of claim 1, further comprising during a
second condition, deactivating the first outer cylinder and
directing exhaust only from first inner cylinder to the first
scroll of the twin scroll turbocharger.

3. The method of claim 2, wherein the second condition
includes one of 1dling conditions or medium engine load
conditions.

4. The method of claim 1, further comprising during a third
condition, deactivating the second outer cylinder and the sec-
ond 1nner cylinder.

5. The method of claim 4, wherein the third condition
includes low engine load conditions.

6. A method for an engine, comprising:

flowing exhaust from a first outer cylinder of four cylinders

to a first scroll of a twin scroll turbocharger;

flowing exhaust from a first inner cylinder, a second outer

cylinder and a second inner cylinder of the four cylinders
to a second scroll of the twin scroll turbocharger, during
a first condition, operating all cylinders with at least one
uneven liring; and

wherein operating all cylinders with uneven firing during

the first condition further comprises firing each of the
first inner cylinder, the second outer cylinder and the
second inner cylinder at 240 crank angle degree intervals
and firing the first outer cylinder approximately midway
between the firing of the second outer cylinder and the
second 1nner cylinder.

7. The method of claim 6, wherein the first outer cylinder 1s
fired at approximately 120 crank angle degrees after firing the
second outer cylinder.

8. The method of claim 6, wherein the first condition
includes high engine load conditions.

9. The method of claim 6, further comprising during a
second condition, deactivating the first outer cylinder and
operating all remaining cylinders, each with even firing with
respect to each other.

10. The method of claim 9, wherein operating the engine
with even firing includes firing each of the first inner cylinder,
the second outer cylinder and the second inner cylinder at 240
crank angle degree intervals, without firing the first outer
cylinder.

11. The method of claim 9, wherein the second condition
includes medium engine load conditions.

12. The method of claim 9, wherein the second condition
includes 1dling conditions.

13. The method of claim 9, further comprising during a
third condition, deactivating the second outer cylinder and the
second 1nner cylinder, and operating the engine in an even
firing mode.

14. The method of claim 13, wherein operating the engine
in the even firing mode includes firing the first outer cylinder
and the first inner cylinder at 360 crank angle degree intervals,
and wherein the third condition includes low engine load
conditions.
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